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3Abstract
Hellemaa, Pirjo (1998). The development of coastal dunes and their vegetation in
Finland. Fennia 176: 1, pp. Helsinki. ISSN 0015-0010.
The area of open coastal dune landscapes remaining in Finland is only about 1300
ha and is continuously diminishing. The development of coastal dune fields in the
area from Virolahti to Hailuoto is studied here from the literature, maps, aerial
photographs and vegetation transect analyses. Grain-size parameters, pH and Ca,
K, Mg and P concentrations are determined from sand samples, and the amounts of
water and organic material and the water repellency of the dune sand were exam-
ined in a case study of samples collected at Yyteri.
The coastal dunes of Finland were formed in connection with glaciofluvial for-
mations uplifted from the Baltic. The median grain-size of the aeolian material
varies in the range 0.15–0.56 mm from one area to another, the coarsest material
being found in hummock dunes lying on deflation surfaces and in transgressive
dunes and the finest in parallel dune ridges. The grain-size of the material in a
beach, which controls its steepness, sediment supply and moisture content, is also
the most important factor affecting its topography and ecological succession. Par-
allel foredune ridges are formed on very gently sloping, prograding beaches con-
sisting of fine material. The highest foredunes border on the beaches in places
where the sediment budget is in balance and the shoreline remains unchanged for a
long period of time. A dune cliff may be formed by marine erosion. When the
beach slopes steeply and consists of coarser material, the foredune is replaced by a
low berm built by a combination of waves and wind action. The speed and manner
of growth of the dune-forming plants will affect the dune forms and dimensions.
Leymus arenarius binds 0.5–8 m high foredunes on the coasts of Finland, while
behind these the ecological and geomorphological succession is determined mainly
by pedological processes. Distally to the foredune (pH >6) Leymus becomes sterile
(pH <5.9) and the amount of hydrophobic organic material in the soil increases.
The dunes become lower as a result of water erosion and deflation, a process that
may be enhanced by easily erodible material, storms and trampling. Deschampsia
flexuosa on the stabilizing surfaces replaces the Festuca species that thrive on the
bare sand. As the amount of phosphorus decreases and the acidity of the soil in-
creases, the dry meadows (pH 5.5–5.7) change into Empetrum heaths (pH 5.2–5.4).
Salix repens and Juncus balticus grow on moist surfaces. The occurrence of plant
communities on the open dune shores depends on the soil moisture content and
geographical location as well as the succession. The southern flora of the Hanko
Peninsula differs most clearly from that of other coasts examined. The ecological
succession can be prevented by sand movement.
Only very few dune coasts in Finland are in a natural state. Wide deflation sur-
faces and transgressive dunes were formed at the beginning of this century as a
consequence of grazing, and now the forest is invading the coastal dune meadows
and heaths. The vegetation cover around tourist attractions is being destroyed by
heavy trampling, which leads to impoverishment of the vegetation and causes ero-
sion. If the trampling is not too heavy and continuous, however, it may create new
4habitats for the threatened pioneer species. The vegetation cover of old dunes
should be protected, as their bare sand surfaces are especially vulnerable to water
erosion. In addition to building, trampling and forest invasion, the dune coasts are
being threatened by eutrophicating air and water pollutants.
Pirjo Hellemaa, Department of Geography, P.O. Box 4, FIN-00014 University of
Helsinki, Finland. MS. received 8th September, 1997 (revised 19th January, 1998).
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9Introduction
Background and purpose
Sand accumulated by swash drifts with the wind on open beaches and piles up
around vegetation patches and other obstacles. At the same time the plants are able
to take nutrients from the beach. The flora of the dune fields is adapted to the poor
surroundings, but in time the rain water washes the soil and the plant debris in-
creases the amount of organic material, leading to an ecological succession. When
sand brought by the waves welds onto the prograding beach, the plant communities
form successive zones parallel to the shoreline. The geomorphological develop-
ment of the shore depends on this succession. In a dune landscape the geomor-
phological processes are gradually impeded by plant biomass production (Van Der
Meulen 1990). Both geomorphological and pedological processes are active and
easy to detect on coastal dune fields.
The active coastal dune fields of Finland are located between the swash zone
ecotone and the forest edge ecotone. The effect of waves during storms reaches far
beyond the actual beach and can cause great changes to sandy beaches at an ex-
ceptional speed. On the other hand, there can be periods, perhaps decades, of quiet
evolution between the more severe storms.
The coasts of Finland are characterized by a rapidly advancing shoreline,
brackish water, a microtidal environment, a humid climate with moderate winds
and long, severe winters. The aeolian sand, which originates from glaciofluvial
sediments washed by the waves, is usually very infertile and acid because of the
acidic nature of the bedrock, and this poor environment can support only a small
number of species. There is only about 1300 ha of the open dune landscapes on the
coasts of Finland remaining, and this area is continuously diminishing because of
building and rapid invasion by pine forest. On these grounds one can very well
speak of a threatened environment.
This work treats the coastal dune fields in Finland in their entirety, from the
shoreline morphodynamics to the effectively stabilizing forest cover. The aim is to
explain the evolution of these coasts during the present century and the most im-
portant factors affecting it. Topic of investigation is thus the geomorphological and
the ecological succession of these areas and variations in this succession.
Coastal dune chronology in relation to climate
and sea level
The wind has been shaping the sand dunes on the Finnish coasts since the begin-
ning of the Holocene Epoch. Most of these dunes were formed in a periglacial en-
vironment (Aartolahti 1980: 81) and are now stabilized far away from the present
coastline. They often have parabolic outlines and they are higher than the dunes on
the present coasts. This older phase of dune formation ended about 8000 BP, when
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the climate was becoming warmer (Eronen & Olander 1990: 60) and more humid
(Korhola 1992: 84, 1995), favouring plant growth. According to Stetler and Gay-
lord (1996) the interaction between climate and aeolian activity is sensitive even to
small changes in precipitation. During the Atlantic stage (8000–5000 BP) the fine
sand was mainly shaped into low beach ridges (Aartolahti 1973: 47; Hellemaa
1980: 92). Apart from wind, dry, cold climatic conditions also favour aeolian ac-
tivity (Shuisky 1986: 37), although dunes can be formed in humid climates, too.
Judging from the height of the bases of the coastal dunes and the rate of  land
uplift, the younger phase in coastal dune formation in Finland began only about
1000 BP (Aartolahti 1990: 214), and most of these dunes were formed during the
last 500 years (Aartolahti 1980: 82). This increase in aeolian activity was at least
partly due to the intensification of human activity, as elsewhere in the world (Orme
1990: 334). The felling of dune forests and the grazing of domestic livestock on
sandy sea-shore meadows have led to the formation of active dunes. The radiocar-
bon dates available suggest that the dunes in the Yyteri area formed during period
1000–1400 AD and again from the 18th century onwards (Wallin 1980), while the
oldest dunes of Hailuoto seem to have begun to form about 1500 years ago (Al-
estalo 1986: 151). Dune activity on the barriers of Poland, which make up part of
the southern coast of the Baltic, has been dated both archaeologically and by radio-
carbon analysis of buried soils, and it has been shown that aeolian activity there
came to a halt between 1500 and 500 BP (Borówka 1990a: 29, 1990b: 307–310),
but that the dunes have become active again during the last 500 years. There are
historical records of dry summers in the Netherlands in the 10th century and
around 1800 AD (Klijn 1990a: 93), and it is known that after long, dry periods the
vegetation is vulnerable to high winds and storms, which often follow droughts
(Lamb 1977). According to Aartolahti (1976: 91; 1980: 82), the old stabilized
dunes in Finland were activated during the climatically distinct Little Ice Age
(1550–1850 AD), and it was then that the transgressive dunes located landward of
the present coastal dunes were formed. The sea level was lower during that period
(Christiansen et al. 1990) and the winds on the Finnish coasts were more powerful
than nowadays, judging from the grain size of the aeolian material (Aartolahti
1976: 91). Dune formation in the Netherlands seems to have been connected with
marine erosion and storms (Klijn 1990a), while Danish research (Christiansen et al.
1990) suggests that major dune building takes place in periods of falling or low sea
level.
Aeolian activity is usually accelerated by abundant transport of sand towards
the coast or by destruction of the plant cover on older stable dunes. Sand accumu-
lation is related to falling sea level, when the groundwater level also falls at the
coast. The reason for the destruction of the plant cover may be: 1) pedological,
when leaching leads to extremely vulnerable stages in the vegetation succession
(Klijn 1990a: 93), 2) climatic, when the climate is drier or cooler or the frequency
of strong winds and storms increases, 3) marine erosion, which is often connected
with a sea level rise, 4) biotic, e.g. plant diseases or 5) anthropic, such as the graz-
ing of domestic livestock or felling of areas of forest. There are usually many fac-
tors operative at the same time, e.g. dry summers usually bring with them forest
fires. The use of the dune vegetation as fuel in Denmark during the Little Ice Age
was mainly a consequence of climatic deterioration (Christiansen et al. 1990: 63).
The transgressive dunes on the Finnish coast were still actively moving in the
1930's (Mattila 1938; Alestalo 1971), when average wind speeds seem to have
been about the same as they are nowadays (Lemberg 1933: 20). It is difficult to
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compare wind records because of the progress made in measuring techniques, but
according to Heino (1994: 90–91) the winds were more powerful at the beginning
of this century, when the climate was warming up to the 1930's, than during the
following period of cooling (1945–70). The present climatic warming (Heino 1994:
93) seems also to be accompanied by stormy winds (Kuusisto 1993), but nowadays
the vegetation cover has spread over the old transgressive dunes and mostly stabi-
lized them, so that their movement is insignificant. Land uplift with invasion of
vegetation on the proximal deflation plains have separated these dunes from the
present shoreline, so that they cannot get replenishment from the shore. In places
the coastal sand accretion is abundant and new coastal dunes are still forming.
The coastal dune fields in Finland have been quickly covered by plants in recent
times, especially around the shallow accumulation bays in the Gulf of Bothnia. The
reason for this is mainly that the seashore meadows are no longer used for grazing
(Heikkinen & Tikkanen 1987: 265). Afforestation of formerly grazed dune mead-
ows is common in Europe (Hesp & Thom 1990: 280; Van Dijk 1992). According
to Alestalo (1986: 153), when the grazing of sheep on shore meadows of Hailuoto
stopped in 1954, the blown sand soon began to accumulate again to form consecu-
tive dune ridges bound by lyme-grass (Leymus arenarius). The reason for the
spread of such a vegetation cover may partly lie in acceleration of the greenhouse
effect (e.g. Hulme 1994; Heino 1996). According to Heino (1994), this climate
change cannot yet be seen in Finnish temperature records, but precipitation has in-
creased over the last decade (Heino1994: 133) and the snow-free period has grown
longer (Heino 1994: 177–178), as the spring has become warmer (Heino 1994: 94,
100). On the other hand, the average length of the growing season did not change
between the two normal periods 1931-60 and 1961-90 (Climatological Statistics in
Finland 1961–1990; Kolkki 1981). As far as the growth of mosses and lichens liv-
ing on sand is concerned, it is enough that the temperature rises near zero (Kallio
1980: 335).
It has been predicted that acceleration of the greenhouse effect will lead to a
more pronounced eustatic sea-level rise, caused mainly by thermal expansion of
the ocean water and the melting of glaciers (e.g. Coker et al. 1989: 149; Carter
1991). There are many difficulties involved in studying sea level, however, be-
cause of tectonics, winds, currents, tides etc. that cause local variation. According
to Woodroffe (1994: 440) there is no valid proof of an acceleration in sea-level rise
this century. It has been estimated that the present rate of eustatic rise is 1.0–1.5
mm in a year (Coker et al. 1989), and although the estimates of an accelerating rate
published by the Intergovernmental Panel on Climate Change will be between 1.9
and 6.4 mm a year for the period 1985–2030 (Carter 1991: 31), the latest figures
are still only about 1.5 mm per year (Gorniz 1995). Åse (1994) claims that coastal
formations caused by eustatic transgressions near Stockholm correlate well with
warm climatic periods, and it has also been proposed that the increase in the use of
groundwater, irrigation, forest felling and desertification is leading to a sea-level
rise, too (Woodroffe 1994: 441).
Since the melting of the Scandinavian ice sheet the rate of land uplift has
slowed down, so that the rate of shoreline displacement is now slower than earlier.
Granö and Roto (1989), in their discussion of the duration of shore exposure along
the Finnish coasts, estimate the eustatic sea-level rise to be only 0.8 mm per year,
but if this rise should accelerate, it will also slow down shoreline displacement.
Sea level has a direct effect on the groundwater level and on the moisture con-
tent and vegetation of dune slacks, while pollution and increased amounts of nutri-
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ents in the seawater cause sandy beaches to be more eutrophic, and air pollution,
both acidic and eutrophic, also makes a difference. A dense grass vegetation,
dominated by Calamagrostis epigejos and others, has covered some dunes in the
Netherlands as a result of recent acidic rains (Salman 1991: 30). By contrast, occa-
sional high winds and the constantly increasing use of coasts as recreational areas
are apt to destroy the vegetation cover.
Coastal morphodynamics
Apart from the primary material the sand supply of a beach depends on the inter-
acting coastal morphodynamics and the power of the waves. The wave type, incli-
nation of the beach and grain size of the material are interdependent, and it is these
factors that control sediment transport on the beach, the width of the surf zone and
the type of nearshore bars. The “ Australian School”  of coastal geomorphology has
classified coastal morphodynamics on these grounds (e.g. Short & Hesp 1982;
Wright & Short 1984). At one extreme are coasts from which the wave energy is
reflected and at the other accumulation coasts, over which the wave energy is dis-
sipated. Reflective beaches are characterized by steep slopes, narrow breaker
zones, beach cusps and the absence of nearshore bars, while dissipative beaches
with a gently sloping profile and shoals are characterized by wide surf zones and
multiple parallel bars. Intermediate beaches incorporate elements of both types
(Carter 1988: 100–105).
Wave refraction and diffraction are features that bend the waves and redistribute
their energy in the surf zone. Loose material drifts with the currents towards the
areas of lower energy and accumulation. Successive wave refraction can shape
embayment beaches into effective sediment traps (Carter 1988: 211–217). Aeolian
sand beaches usually border on a wide wave-moulded cut-and-built terrace with
many bars, which represent the amount of loose material. According to Keränen
(1985: 13), who has studied sandy shore formations and processes in Lake Oulu-
järvi (Finland), the primary slope becomes gentler and the primary material finer as
the width of a cut-and-built terrace increases, while gently sloping shores are char-
acterized by multiple parallel bars. In longshore bars material can be transported
either along the bar or shorewards (Keränen 1985: 32, Carter 1986), and a whole
bar can also move towards the shoreline. Swash bars in particular can weld into a
berm (Keränen 1985: 45–47; Carter 1986, 1988: 113–114). Longshore bars are an
important source of material on drift sand beaches. Wave-induced sand transport is
at its maximum on low gradient dissipative beaches (Short & Hesp 1982: 266), but
berm and dune material is transported to the bars during storms, and the bars can
move seawards (Keränen 1985: 43). Carter (1986) claims, that beach ridges are
formed when the material eroded by storms is transported back onto the beach
face. Sandy shores that are being moulded constantly by wave action usually have
no vegetation cover.
When the sea-level fluctuates, there are wide, dry, sandy flats at times that pro-
vide material for wind transport, while at other times the waves can erode the fore-
dune. The width of a beach correlates with the amount of sand carried by the wind
(Davidson-Arnott & Law 1990: 198). According to Carter (1990: 34), the amount
of sand on a beach on the Irish coasts, the local sediment supply, is closely associ-
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ated with dune topography and development (Fig. 1). In low sediment supply sys-
tems, wave undercutting and deflation will lead to scarpment formation and crestal
accumulation, creating landward-dipping sand sheets, while in high sediment sup-
ply systems consecutive parallel dune ridges are formed that can be either trans-
gressive or bound by the vegetation. There is often a balance between seasonally
alternating erosion and accumulation (Carter 1986: 192; Thom & Hall 1991;
Sherman & Bauer 1993).
Fig. 1. The three basic types of Irish coastal dune topography associated with low,
balanced and high sediment influxes. After Carter (1990: fig. 3), but the drawn
structures conform to the observations made on the Finnish coasts.
A matrix constructed by Psuty (1992: 4–6) shows the topographic/morphological
outcomes of foredune  forms as combinations of the beach sediment budget and the
foredune sediment budget, each of which can be either positive or negative. Psuty
distinguishes the following types: beach ridge topography, dune ridge topography,
foredune development and foredune attenuation. The last type includes blowouts,
separate hummock dunes and washover by waves. According to this matrix, the
foredune budget can be positive or balanced even while the total dune/beach
budget is negative and the shore line is being eroded (Psuty 1990: 175). Coastal
erosion caused by sea-level rise has been studied by Healy (1991).
Sand supply, wind strength and the density of the vegetation cover are usually
the primary factors affecting dune topography, these factors are said to together
determine the type of dunes (Hack 1941). The interaction of these three factors is
obvious on coastal dune fields and is emphasized by mutual dependence on the
seashore location. Apart from the primary grain size, sand supply, shape and width
of the beach, the direction, strength and duration of both prevailing winds and ex-
treme storms are also factors affecting the geomorphology of a dune field. On an
open sandy field the wind velocity and direction together with the sand supply de-
termine the type of dune. Sand accumulates around the plants on the coasts, and
thus the plant species have an effect on the form and development of the dunes. On
the other hand, the topography of a dune field will affect the evolution of its plant
cover.
In Pye's (1990: 355–357) model, the coastal dune morphology as well as the
shoreline dynamics will be dependent on wind energy and the sand trapping effi-
ciency of the vegetation. The extreme types of dunes are thus parallel ridges bound
by vegetation on a prograding beach and unvegetated, transgressive sand sheets on
an eroding beach. Classifications of similar kind (Fig. 2) are also presented by
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Short & Hesp (1982) and Bird (1990: 22–23). Consecutive parallel dune ridges are
formed whenever there is ample accumulating sand with a thriving vegetation. It is
difficult to distinguish low dune ridges from beach ridges (Keränen 1986), which
are often formed by waves and wind together. Beach ridges are the essential basis
of prograding coastal landforms (Carter 1986: 210).
Fig. 2. Parallel dunes, which have developed as successive foredunes, are held in
place by the vegetation. When its cover is interrupted, blowouts develop, and with
further depletion of the vegetation, coastal dunes may become mobile and trans-
gressive. Modified after Bird (1990: fig. 4).
Successional zonation
In the zone behind the foredunes the influence of coastal processes will be of im-
portance only during severe storms, usually combined with a sea-level rise. The
foredune will prevent sand transportation landwards (Gomes et al. 1992). In this
zone the evolution of the topography is mainly affected by deflation, rain erosion
and the ecological succession, including soil formation.  Mattila (1938: 5–12) de-
scribed the zonation of the Vattajanhietikko dune field in Finland as one in which
open beaches and foredunes were followed by a deflation surface shielded by
gravel and small stones. Sand had become trapped around the plants in this zone to
form small hummock dunes. In its distal part the deflation surface was covered
with aeolian sand and bordered by a transgressive dune ridge, which was partly an
open ridge and partly characterized by large dune hummocks and wind channels.
Alestalo (1979: 117–119) distinguished similar zones on the dune field of Paju-
perä, Hailuoto, where he regarded the geolittoral zone as including the lower
beach, foredune and deflation surface, while the epilittoral zone contained small
hummock dunes that increased in age further away from the beach, cover sand and
dead deflation surfaces bordered distally by a parabolic dune.
The Sand Dune Inventory of Europe (Doody 1991) includes a zonation on suc-
cessional grounds, into: strandline, foredune, dune grassland, dune slack, dune
heath, scrub and woodland, while the ecological gradients in coastal dune fields as
described by Carter (1988: 320, 323–332) comprise a pioneer stage followed by
more stabilized intermediate dunes and then by mature plant communities. The
successional sequences are determined by sand transport rates (Moreno-Casasola
1986; McLachlan 1990: 213), so that dunes can be classified on the grounds of
both age and sand mobility (Carter & Wilson 1990).
Pedogenic processes such as leaching and the accumulation of organic matter
affect the succession of the plant cover and the erodiblity of the soil. The intensity
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of water erosion depends on the water repellency of the sand surface, which in turn
is brought about by a number of features that include fungal proliferation, litter
decomposition, soil pH and texture (Dekker & Jungerius 1990: 174). The most im-
portant  seem to be hydrophobic organic materials. Destruction of the vegetation
cover, e.g. by human action, will intensify water erosion, deflation and the forma-
tion of secondary aeolian accumulations. Little research has been done into ero-
sional landforms on coastal dunes (e.g. Ritchie 1972), but the topic is well summa-
rized by Carter, Hesp and Norstrom (1990). Seppälä (1984: 47–48) lists possible
reasons for deflation ceasing in Finnish Lapland.
An open, windy, barren habitat will affect both the flora and the life forms of
the plants, and differences in flora and geomorphology between coasts can help us
to evaluate the significance of the various factors. The most distant areas examined
here are situated over 600 km apart in a north-south direction, so that the vegeta-
tional zone boundaries (Ahti et al. 1968) may be reflected in these features.
Review of the literature
Lemberg (1933-35) provided quite a detailed description of the vegetation of the
Finnish coastal dunes in his three-part work. Some of  the coasts studied by him
now have a forest or reedbed cover, but others have remained as separate patches
of sparse vegetation surrounded by forest. Only those that have  formed on the
slopes of large eskers are still active. A more recent study of vascular plant com-
munities on the Finnish coastal dunes has been made by Willers (1988), and a sand
dune inventory has been produced for Europe that reports briefly on this vegeta-
tion, too (Hellemaa & Doody 1991). Willers (1988: 41–88) named the plant com-
munities of sandy shores after: Juncus bufonius, Lathyrus japonicus, Honkenya
peploides, Ammophila arenaria, Calamagrostis epigejos, Honkenya peploides -
Leymus arenarius (the subassociations of which are characterized by Festuca ovina
and Festuca rubra), Festuca polesica, Carex arenaria, Salix repens - Empetrum
nigrum. By no means all of the plant communities studied by Willers are located
on dune shores proper.
In Finland, Lumme (1934) made a review of earlier research on dune fields.
Rosberg (1895a), Leiviskä (1905a) and Okko (1949) wrote in earlier times about
the coastal dune fields beside the Gulf of Bothnia, and Alestalo (1971) studied the
movement of these coastal dunes by means of dendrocronology and also described
the vegetation and geomorphology of dunes (Alestalo 1982), and the history and
ecological succession of the island of Hailuoto (Alestalo 1979; 1986). Vartiainen
(1980) investigated the succession of the island vegetation of the northernmost
parts of the Gulf of Bothnia, but her material did not include Hailuoto, and Heikki-
nen and Tikkanen (1987), Jämbäck (1995) and Tapaninen (1995) have all studied
the history of the Kalajoki dune field. Fontell (1926) and Mattila (1938) wrote in
their time about the dunes of the foreland of Vattaja, the former mainly about the
vegetation and the latter about the geomorphology, and Wallin (1980) worked on
the Yyteri dune field, an area also covered by the geomorphological interpretation
of Tikkanen (1981). Skytén (1978) wrote about the dune vegetation on the Hanko
Peninsula and the erosion caused by tourism.
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Terminology and definitions
The shore can be divided into the sublittoral zone, which is continuously sub-
merged, the littoral zone, which is under water at times, and the epilittoral zone,
which is above the highest water level. The littoral zone consists in turn of the hy-
drolittoral, lying below the mean water level, and the geolittoral above it. The
lower limit of the epilittoral is often marked by wrack, driftwood and algal debris
(Vartiainen 1980: 17). Above the waterline the shore can also be divided into a
wetter lower beach and a drier upper beach, which forms the lower part of the
windward dune slope. Water flows into the area behind the foredune only during
severe storms.
Longshore bars are formed in a position where they are submerged by the or-
bital current (Keränen 1985: 20–23, 1986: 80). They are regularly grouped, long
ridges, running parallel to the shore, and may be exposed at times, when the water
level is low.
A swash bar (swash ridge) is a depositional form which reaches above the wa-
ter level. It develops when a strong progressive current is shifting a bar towards the
shore and the swash starts to deposit material above surface (Keränen 1985: 45–47,
1986: 80). Material of a swash bar can originate from the beach. In the early stage
of its development, a swash bar is separated from the shoreline by a pool. Swash
bars are easy to detect on aerial photographs.
A berm is accumulated mainly above the water level by the swash. The inclina-
tion of a seaward-sloping beach face depends on the grain size of its material and
the power of the waves. If the sand supply is abundant, e.g. carried by beach drift,
and the sediments cannot be transported further because of the curvature of the
shoreline, then a berm can grow into a ridge (Keränen 1985: 44–45). The highest
altitudes of ridge-like berms of this kind are the highest average water levels plus
the highest levels of swash during their formation (Keränen 1986: 81). These beach
ridges can be formed as a result of one storm, or they may have accumulated dur-
ing numerous periods of high wind combined with high water levels. Short and
Hesp (1982: 268) note that sediments on reflective coasts are stored in a subaerial,
steeply sloping beach face berm.
According to Carter (1988: 121) a beach ridge is a berm that has survived ero-
sion. Tanner (1993: 220) classifies beach ridges into four main types: 1) Swash-
built ridges (the berms mentioned above) tend to be low, typically less than a metre
in height, and uniform, and they occur in swarms or systems and contain low-angle
cross-bedding. 2) Settling-lag ridges have the shape and size of the previous class
but do not contain any cross-bedding, being formed from storms or other high-
energy events by settling, as can be seen from their granulometric characteristics.
3) Dune ridges tend to be higher and more irregular in shape than the ridges in the
previous classes and may be located within them or adjacent to them. They are
built largely by wind and contain aeolian cross-bedding and usually a small swash-
built core. 4) Finally storm-surge ridges occur singly rather than in swarms, are up
to 8–10 m tall, are convex in shape and have concentric internal bedding. They are
built by successive storm surges over a long period of time on a stable coastline.
In spits, bars and tombolos the beach drift carries material along these forma-
tions, whereas the material in submerged longshore bars is transported mainly to-
wards the water line (Keränen 1985). Spits and tombolos reach above the water
level and are attached to the shoreline at least at one end.
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A transverse bar lies submerged, perpendicular or diagonal to the shoreline.  It
is formed by a progressive wave or current occurring in shallow water (Keränen
1985: 34). When the upper parts of bars of this kind are connected with the shore-
line, the result is a cuspate shoreline. Their development may be connected with
the wave refraction caused by shoals (Carter 1988: 118–119). Large surf cusps
formed like this are quite permanent, remaining from year to year, and becoming
oriented towards the greatest fetch or the prevailing winds (Keränen 1985: 34).
The smaller, regularly spaced swash cusps that are formed on shores at times
are the product of stationary subharmonic or synchronous edge wave development
within the reflective domain (Komar 1983: 102; Carter 1988: 124–125; Rasch et al.
1993). These cusps are usually shaped further when backwash and rip currents re-
turning from the shore erode the area between the cusp horns. Cusps of this kind
are erosional, and a berm or beach ridge may be breached in this way (Pyökäri
1982). Constructional cusps may also form, if rip currents pile material on the cusp
horns. Swash cusps can also arise from the occurrence of erosion and deposition at
the same time (Komar 1983: 102; Carter 1988: 120–125; Miller et al. 1989). Water
does not penetrate sand as easily as gravel, and therefore gravel layers settle up-
permost on cusps (Uusinoka 1984: 109). The formation of large swash cusps is
favoured by long swells after a storm (Carter 1988: 130).
Dunes, formed by wind, have been classified according to their topography,
vegetation cover, age, mobility, material and genesis (e.g. Van Dieren 1934: 202-
212; King 1972: 180; Goldsmith 1978: 178; Hempel 1980: 430–431; Pye 1983:
539; Chorley et al. 1984: 415–424; Bird 1990; Pye & Tsoar 1990: 160–220). They
also can be divided into primary and secondary dunes, the latter being formed
when stabilized dunes are activated.
Small, phytogenic, semi-spherical or elongated embryo dunes are sometimes to
be found on beaches. They are often destroyed by storms. Small shadow dunes
evolve in the lee of boulders, clumps of vegetation or other obstacles. They are also
called lee dunes, drift dunes or attached dunes. Some of them are horseshoe-
shaped sand accumulations, as the air flow is deflected around and over the obsta-
cle and a horseshoe vortex is created (Pye & Tsoar 1990: 163–165).
An incipient foredune (Carter & Wilson 1990: 129) lies nearest the beach. It is
formed when small embryo dunes bound by vegetation grow into a continuous
dune ridge, a transverse coastal dune, parallel to the shoreline. They can evolve on
a beach ridge or on a drift line embryo dune. A dune has a distinct windward slope
(stoss slope or proximal slope) where the sand is tightly packed by the wind and a
leeward slope (distal slope) that consists of loose strata. If a leeward slope is high
enough (Bagnold 1941: 200–203) it may evolve into a slipface, the inclination of
which depends on the angle of repose, which is usually 34o for aeolian sand. Be-
cause of alternating aeolian accumulation and erosion, the windward slopes contain
cross-bedding. The inclination of the foreset strata in the leeward slopes depends
both on aeolian accumulation and on sand-binding vegetation, the amount of water
erosion and niveo-aeolian accumulation.
On a prograding beach several foredunes may be formed one after another, or
partly one above another, as a compound dune. Behind the youngest, incipient
foredune, mosses and lichens stabilize the sand surface and lend it a more greyish
colour. Intermediate dunes of this kind may begin to wear down because of ero-
sion. The established dunes investigated by Carter and Wilson (1990: 145) on the
Irish coast did not wear down, as they were quickly and effectively stabilized by
vegetation.
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A hummock dune, or coppice dune (Hesp & Thom 1990: 271–272), is a sepa-
rate, usually low, semi-spherical, shield-like mound of sand bound by vegetation. It
is usually formed by sand accumulation around a clump of vegetation on a defla-
tion surface landward from the foredune, but it can also be formed when a dune
ridge breaks down. Hummock dunes of this kind are usually more irregular in
shape than the accumulation forms, and their slopes are steeper.
Transgressive dunes are ones that have moved from their original site. Their
proximal slopes are deflation surfaces and their distal slopes are characterized by
slipfaces. They may be transverse dunes, parallel to the coastline, or parabolic
dunes, with arcuates opening to the coast (Pye & Tsoar 1990: 200–204).
Precipitation dunes are formed when the wind power is slowed down by the
edge of a forest and sand is precipitated onto a dune ridge. These usually have
long, high slipfaces (Pye & Tsoar 1990: 205–207).
A dune slack, a depression between dunes, can have a wet or dry surface. Water
often penetrates the sand at times of high water levels and floods into the dune
slacks.
A blowout can be a shallow, roundish, saucer-like or scooped hollow or a
deeper deflation bowl. Transversal dune ridges are broken by wind-scoured gaps or
transport corridors, and sand can accumulate in the lee of these to form rim dunes
or fan-like blowover ‘deltas’ (Carter et al. 1990: 239–242). In this way blowouts
produce bends in foredune ridges. The spiral vortex of an air flow can also erode
smaller wind channels on the proximal sides of obstacles.
There are often deflation surfaces on windward dune slopes and windward of
transgressive dunes, that are being reduced by deflation. Coarse material enriches
on these surfaces in the form of lag deposits. One can find table-like erosion rem-
nants on the deflation surfaces which grow higher as the sand originating from the
deflation surface, accumulates among their vegetation.
More or less even cover sand layers can usually be found leeward of high
dunes.
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Methods
In the first phase of this research a search was made for all sandy seashores marked
on the Basic Map of Finland, scale of 1:20 000, excluding islands and inland wa-
ters. All these shores were visited in summer 1987, together with all the sites de-
scribed by Lemberg (1933–35) located in present-day Finland. A total of 28 sites
(Fig. 3) were then chosen for closer research on the grounds of their evidence of
aeolian activity. The history of these coasts was studied by comparing their present
state with historical records, especially the above-mentioned data collected by
Lemberg, and by examining maps and aerial photographs of different ages.
On prograding beaches the ecological succession and the development of the
geomorphology can be observed from coastal profiles or transect analyses. A total
of 32 vegetation profiles were levelled on the selected dune fields and drawn (Hel-
lemaa 1995). The cover of individual plant species was estimated visually on a 7-
point scale (cf. Vartiainen 1980: 16) in one-metre bands from the water line to the
forest. The cover values used were (Kalliola 1973: 44) 1 = < 2%, 2 = 2–4 %, 3 = 4–
8 %, 4 = 8–16 %, 5 = 16–32 %, 6 = 32–64 %, 7 = > 64 %. Geomorphological ob-
servations were made and plant and sand samples were collected from the sites.
The development of the morphology and plant cover on the shores of Yyteri and
Hanko were observed almost every summer between 1987–1996, and a total of 38
soil samples were taken in summer 1991 along the coast from Tulliniemi on the
Hanko Peninsula to Haikaranhietikko on the foreland of Tauvo (Fig. 3). The proc-
esses affecting the shores in winter were observed during a field trip to Yyteri on
13 March 1994.
All the samples were classified in the field on geomorphological grounds, and
processes observed in the field were also used as a basis for classification. Grain-
size properties were studied in 138 sand samples collected from the material under
dunes, beach material (in crests of berms), dune ridges, low embryo dunes, incipi-
ent foredunes, dune slacks, intermediate dunes, separate hummock dunes, lag ma-
terial of deflation surfaces, transgressive dunes, older stabilized dunes and cover
sand. These samples were dry sieved in the normal manner at successive mesh-size
intervals of 1/4 phi unit (1 phi unit = -log2 of the value in mm). Cumulative per-
centage frequency curves were plotted on log-arithmetic probability graph paper,
which made it easy to study deviations from a log-normal distribution and differ-
ences between samples.
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Fig. 3. Locations of the coastal dune fields studied here (black dots) and their relations to the sand
and gravel formations of Finland (black), which are mainly glaciofluvial eskers and end moraines.
The Hanko Peninsula is shown separately.The sites studied are: 1. Hyypiä (Virolahti), 2. Lappohja
(Hanko), 3. Syndalen (Hanko), 4. Henriksberg (Hanko), 5. Vedagrundet (Hanko), 6. Kolaviken
(Hanko), 7. Tulliniemi (Hanko), 8. Padva (Tenhola), 9. Yyterinsannat (Pori), 10. The Herrainpäivät
area (Pori), 11. The Karhuluoto area (Pori), 12. Storsanden (Monäs, Nykarleby), 13. Tisskärssanden
(Vexala, Nykarleby), 14. Storsand and Lillsand (Pietarsaari), 15. The Karhi dune field (Lohtaja), 16.
The Vattaja dune field (Lohtaja), 17. The bathing beach of Vattaja (Lohtaja), 18. Hietasärkät (Kala-
joki), 19. Letto (Kalajoki), 20. Yrjänä (Tauvo, Siikajoki), 21. Haikaranhietikko (Tauvo, Siikajoki), 22.
Ulkonokanhietikko (Tauvo, Siikajoki), 23. Koppana (Oulunsalo), 24. Pajuperä (Hailuoto), 25. Mar-
janiemi (Hailuoto), 26. Virpiniemi (Haukipudas), 27. Röyttänhieta (Simo), 28. Tiironhiekka (Simo).
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Grain-size parameters were calculated using the formulae proposed by Folk and
Ward (1957). According to Friedman (1961), the grain-size distribution depends on
the transporting agent and its amount of energy. The larger the graphic mean grain-
size (Mz), the more energy the transporting agent had. Similarly, the graphic stan-
dard deviation (Sd) represents the variation in that energy, and the graphic skew-
ness (Sk) shows whether the average energy levels during sedimentation were
lower (positive skewness) or higher (negative skewness) than the long-term aver-
age. The skewness values for a normal distribution are +0.1 – -0.1. A high graphic
kurtosis (KG) value means that the particles in the middle of the grain-size distri-
bution were transported for a longer time than normal. Skewness values for a nor-
mal distribution are 0.90 – 1.11 (mesokurtic). Values smaller than this are de-
scribed as platykurtic, and higher ones as leptokurtic. The validities of differences
between groups were tested with Student's t-test, and coefficients of correlation
between groups were also calculated. Median (Md) values were obtained from the
distribution curves.
Pedogenic processes and their significances were studied using soil samples
taken at a depth of 2-5 cm, in order to avoid disturbing factors at the surface (such
as ripple marks, litter, lichens and mosses with thick rhizoids). The sand thrown up
onto the shore by waves contains large amounts of nutrients, which are transported
downwards by the leaching effect of rainwater. It was thus thought that leaching
could be most easily detected in samples taken as near the soil surface as possible
at different distances from the shoreline. A total of 38 soil samples were analyzed
in terms of acidity (pH), amounts of soluble calcium (Ca), phosphorus (P), potas-
sium (K) and manganese (Mg) in mg/l in the laboratory of Viljavuuspalvelu. The
samples were not taken from different depths, as the development of a chemically
detectable podzol profile takes an average of 200-300 years in the Finnish climate
(Jauhiainen 1973: 24) and most of the samples taken were younger than this. The
amount of organic material was estimated visually on scale: not detectable, sparse,
scattered and abundant. The vegetation of the sampled sites was analysed from
plots of one square metre.
The water repellency of the sand surface was measured using the method de-
scribed by Dekker and Jungerius (1990) in 19 samples collected at Yyteri in sum-
mer from a depth of 0-5 cm soon after a rain shower. The water content and the
amount of organic material was measured by weighing, drying and ashing parts of
the samples. The samples were dried at +60oC for three days and then allowed to
adapt to room temperature and air humidity. Water repellency was measured in
terms of the water drop penetration time on smoothed surfaces. Three drops of dis-
tilled water from a standard medicine dropper were placed on the air-dry surface
and their penetration into the soil was timed. The median value (second drop) was
used for classification on a scale: wettable, non-water repellent (<5 s), slightly re-
pellent (5–60 s), markedly repellent (60–600 s), severely repellent (600–3600 s)
and extremely water repellent (>3600 s).
A total of 148 plots of 1 m2 were distinguished for multivariate analyses of
vegetation, representing different coasts and different a priori defined classes. This
classification was grounded in the ecological succession and the geomorphology:
1) lower beach, 2) upper beach, 3) berm, covered by aeolian sand, 4) foredune, 5)
intermediate dune, 6) dune slack, 7) dry deflation surface, 8) separate hummock
dune, 9) damp deflation surface, 10) forest edge, 11) windward slope of a partly
forested dune and 12) leeward slope of a partly forested dune. These plots together
with the 38 plots from which soil samples were collected were tabulated with the
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Excel program (these tables are kept in the Department of Geography, University
of Helsinki) and these vegetation data were used for further analysis using
STATGRAPHICS Plus (1995) multivariate methods.
The vegetation data were first classified by Cluster Analysis. The amount of
data was restricted by omitting species that occurred only on one shore and species
with a cover always <2 %. After this the number of species was further restricted
by Principal Components Analysis. In the case of a dominant indicator species
such as Leymus arenarius, about 90 % of the samples were placed in the same
class at first, and therefore the furthest neighbour method (using the maximum
distance between any two observations within a cluster as the criterion for the
minimum distance between clusters) and the Euclidean distance (using the square
root of the sum of the squared distances between observations) were selected as
clustering methods. Discriminant Analysis was used to compare the whole set of
vegetation data with the above a priori classification, and also with the coastal
vegetation areas of Finland (based on vascular plants) proposed by Kalliola (1973:
186). Discriminant Analysis determines whether there are statistically significant
differences between groups and picks out the independent variables that account
for most of these differences.
Certain environmental variables were added to the vegetation data collected
with the soil samples, namely northernness (km, in the Finnish coordinate system),
distance from the water line (m), height above sea level (m), fluctuation in sea
level (cm), rate of land uplift (mm/year), inclination of slope (tangent), proportion
of bare sand surface (%, may express the mobility of the sand), tree cover (%),
mean grain-size of material (Mz), sorting of material (Sd), soil moisture content (%,
occasional rains caused random variation), pH and amounts of soluble calcium,
phosphorus, potassium and manganese (mg/l) present. Correlations between these
environmental variables were studied by Principal Components Analysis and by
calculating correlation coefficients. In addition to these, orientation of the coast (N
= 0, W = 15, S = 30, E = 45), exposure (windward slope = 1, flat surface = 2, lee-
ward slope = 3), frequency of trampling and amount of organic material (both on a
scale 0-3) were estimated by ranking the sampled sites.
The significance of the environmental variables for the ecological succession
was investigated by Canonical Correlations Analysis (STATGRAPHICS 1995),
both taking the variables one by one and taking them all together. Logarithmic
transformations were used for notably skewed distributions (height, tree cover, Ca
and K). The analyses were first performed separately for the tree, shrub and herb
layers and for the ground layer of mosses and lichens using all plant species, after
which it was focused on the group of the most significant indicator species, as se-
lected by Principal Components Analysis.
The nomenclature mainly follows Hämet-Ahti et al. (1986) for vascular plants,
Ahti (1981) for lichens and Koponen (1986, Bryophytina) and Piippo (1987,
Hepaticophytina) for mosses. For convenience Empetrum nigrum subsp. hermaph-
roditum is referred to here as Empetrum hermaphroditum. The 'sand lumps' in the
vegetation profiles are formed by fungal hyphae binding the sand grains together.
The Cladonia subgenus Cladonia lichens are often listed as one group in the pro-
files, as their cover is usually very small and there are numerous species. Similarly,
the Cladonia subgenus Cladina lichens are sometimes listed as one group, as C.
mitis and C. arbuscula are difficult to distinguish, particularly in the field, and can
be identified with certainty only chemically, using a PD-colour reagent (Ahti
1981). This chemical analysis was performed only on some of the samples from
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Yyteri, all of which proved to be C. abuscula. C. mitis is common in the north of
Finland, and is found in the south mainly in open places (Ahti 1981: 28), of which
coastal dune fields represent one type.
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The coastal dune fields studied
At present there are only six large open dune fields (over 50 ha) on the coasts of
Finland: Vattaja, Tauvo, Yyteri, the west coast of Hailuoto, Kalajoki and Monäs
(in order of size; Fig. 3), the last of which has been invaded by pine forest during
the last ten years and can no longer be said to belong to this group. These sites
have more dunes hidden in the forest landwards of the open sandy fields, but they
are older, stabilized and have lost their connection with the present-day beach
zone. There are often wet depressions between the old dunes and the beach, the
oldest of them having turned into peat bogs. The areas quoted for these coasts in-
clude only the open beach, dune meadow and heath, so that all of the dunefields are
much larger than the figure given here would suggest. The numbering of the coasts
refers to Figure 3.
Coasts of the Gulf of Finland
There are many sandy shores on the Gulf of Finland, e.g. near Porvoo, but no aeo-
lian sand worth mentioning. The reasons for this are the shelter afforded by the is-
lands and the coarse, poorly sorted material of these beaches.
1. Hyypiä, Virolahti (4 ha)
This coast (Fig. 3, nr. 1) is sheltered by some small islands. The shore is stony and
the beach is interrupted by rocky promontories. Aeolian sand has accumulated at
embayments in places where southerly winds are able to blow at their full strength
between the islands. The soil in this region is sandy (Geological Map of Finland
1981), and forest begins immediately landward of the beach. The dunes are low,
under 2 m, and bound by vegetation, the highest ones being covered by forest.
Aeolian activity on this coast is restricted at present to deflation. A large number of
summer cottages have been built on the beach during the last twenty years.
Coasts of the Hanko Peninsula
The Hanko Peninsula is part of a large ice marginal formation (end moraine), the
First Salpausselkä (Fig. 3), containing mainly glaciofluvial sand and gravel. The
winds affecting the shores of the Hanko Peninsula nowadays have mainly an
eroding action, but sand is also accumulating to form beach ridges and tombolos.
Small, sandy embayments opening out to the south are bordered by dunes. The
dunes on the distal slopes of the end moraine are usually small, though there is
plenty of well sorted fine sand on these slopes, but one can find higher, stabilized
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dunes on the top. The winds blowing from the south and south-east are most effec-
tive on these beaches.
2. Lappohja (7 ha)
The embayment of Lappohja (Fig. 3) opens out to the south-east and is bordered by
the steep slope of the First Salpausselkä (Fig. 4). The inclination of the slope is
over 10o in places. Longshore bars and beach ridges lie on a cut-and-built terrace in
the littoral zone. Only the beach and the trampled slopes are unvegetated. The ma-
terial is poorly sorted in some places and includes some boulders. Deflation has
caused an enrichment of coarse material on the surface. The fine, well sorted dune
sand, differing markedly from this material, cover the slope in the middle part of
the embayment. The beach profile changes seasonally the slope being steeper in
spring, after the winter storms and high water levels, while aeolian sand accumu-
lates on the parallel beach ridges later in the summer, during the period of low wa-
ter.
Comparing the Basic Maps of 1952 and 1982, it seems that the shoreline and
the beach have remained about the same for decades. Many southern plants and
animals such as Ammophila arenaria, Carex arenaria, Aegialia arenaria and La-
sius meridionalis (Veikkolainen 1995), which are rare in Finland, are found on this
shore. This area was purchased for recreational use in summer 1995. It belongs
both to the esker and coastal protection programmes, which means that no substan-
tial building is allowed. The Ammophila population has survived at least from the
1930's (Lemberg 1935: 44), although it is no longer as abundant as it was then. Vi-
ola canina and Thymus serpyllum were also more common in the 1930's.
3. Syndalen (2 ha)
This coast (Fig. 3, nr. 3) belongs to a military area, and a barracks has been built on
the shore. Comparing the present day landscape with the photographs taken by
Lemberg 1923 (Lemberg 1933: app. 7, 1935: app. 2), it can be seen that the vege-
tation cover has increased quite markedly. The vast, open sand fields in the photo-
graphs have now disappeared, as also has the dune vegetation. Trampling has kept
the dune slope around the barracks free of vegetation, and Carex arenaria is still
growing there, although the large stands described by Lemberg (1935: 45) have
disappeared. C. arenaria cannot survive in thick grass.
According to Lemberg (1935: 45), Agrostis stolonifera, Juncus bufonius, Gna-
phalium uliginosum, Eleocharis acicularis and Honkenya peploides were also fre-
quent on this beach. The last-mentioned is still growing there, but the other species
may reflect shoaling and eutrophication of the beach, which must have preceded
the invasion of the reedbed.
4. Henriksberg
A sandy tombolo connects a rocky islet to the mainland (Fig. 3, nr. 4). Foredunes
bound by lyme-grass line the embayment east of the tombolo, and the wind has
also caused sand to drift onto the cliffs.
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Fig. 4. The Lappohja beach (Hanko; no. 2 in Fig. 3) and a profile across the de-
flated part of it on 26 July 1987.
5. Vedagrundet
The tombolo of Vedagrundet (Fig. 3, nr. 5) is wider, and a foredune has accumu-
lated on its SW shore. The beach seems to be broader on the map of 1982 than on
that of 1966, possibly due to the increased use of this area for swimming. The
vegetation cover includes many colourful wild flowers. Cakile maritima is frequent
on the beach, while the lichen-rich meadow behind the Leymus arenaria dunes in-
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cludes Epilobium angustifolium, Hieracium umbellatum, Rhinanthus serotinus and
Galium verum.
6. Kolaviken, Hanko (6 ha)
This is a popular swimming beach in the town of Hanko (Fig. 3). The beach face
features a low ridge, a berm covered with aeolian sand. In some places on this
ridge Rosa rugosa is dominant as a weed. A sparse pine forest grows landwards of
this, covering hummock dunes where low shrubs, mosses and lichens grow in
patches on the trampled sand surface. Ants bring fine sand to the surface. As com-
pared with the records of Lemberg (1935: 50), R. rugosa, Artemisia vulgaris and
Tanacetum vulgare seem to be more frequent nowadays and Sedum acre less so.
7. Tulliniemi, Hanko (17 ha)
The First Salpausselkä extends to Tulliniemi (Fig. 3). This tip of the peninsula was
formed, as a tombolo, only at the end of the seventeenth century (Keynäs et al.
1993). The arcuate beach, more than one kilometre long, faces south-east. Data
from the meteorological station on the island of Russarö, just off the peninsula,
indicate that easterly winds are frequent in spring and severe winter storms often
blow from the south (Table 2). The grain size of the material accumulating on the
beach varies with the power of the waves, with fine sand accumulating in calm pe-
riods, usually in the summer. In summer 1987, for example, there was a 20 cm high
berm of very fine, well sorted material. When there are strong winds, fine sand is
washed seaward and the accumulations on the beach consist of coarse gravel.
Cusps of gravel about 0.4 m high can be seen in Figure 5. Since autumn 1994 the
shore has been eroded by high winds and the proximal slope of the foredune has
retreated about one metre landward. At the same time the foredune has grown
about 0.5 m higher.
Fig. 5. Gravelly swash cusps in the southern part of the Tulliniemi dune field
(Hanko; no. 7 in Fig. 3) on 31 July 1991. All photographs by the author.
Festuca polesica is already common on the leeward slope of the foredune (Fig. 6)
and there are numerous hummock dunes about 0.5 m high under the pines, and the
bases of the pines are often buried in sand. Before the present-day fire protection
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measures came into force, the dry vegetative cover was occasionally destroyed by
fire, so that the sand drifted into a dune ridge 3.5 m high. The oldest, partly buried,
pines in this area are already over 200 years old (Keynäs et al. 1993: 13–14).
Fig. 6. A profile across the open beach of Tulliniemi (Hanko; no. 7 in Fig. 3) on 26
July 1978. Measurements of soil nutrient content are shown under the profile (four
samples).
Festuca polesica and Carex arenaria are rare in Finland other than on the Hanko
Peninsula, and Sphingonotus coerulans and Phimodera humeralis are insects that
live in Finland only on the sandy F. polesica meadows of this peninsula (Keynäs et
al. 1993: 19). Carex arenaria is frequent in the northern part of Tulliniemi. Salsola
kali, classified as an endangered species in Finland, was to be found on most
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beaches of the Hanko Peninsula at the beginning of this century, after which it dis-
appeared in the 1940's, but it returned in the early 1980's and nowadays forms a
population of hundreds, sometimes thousands of individuals on the shores of Tul-
liniemi (Keynäs et al. 1993: 19). The occurrence of Salsola kali seems to follow
the variation in annual mean temperatures. Thymus serpyllum var. ericoides and
Coelocaulon aculeatum subsp. aculeatum are rare coastal variants with a south-
westerly distribution. Thus the southerly location of Tulliniemi affects the fauna
and flora of the area.
Coasts of the southwestern archipelago
In this area the coasts are often rocky and sheltered by numerous islands. The
acidic bedrock is interspersed with local occurrences of limestone.
8. Padva, Tenhola (6 ha)
This sandy isthmus is a part of a NW-SE esker chain lying distally to the Second
Salpausselkä end moraine (Fig. 3, nr. 8). The beach is open to southerly and
southwesterly winds. The winds and waves have piled up a low beach ridge, and
landward of this  there is a deflation surface with some small hummock dunes.
Further landward the forest covers higher, parallel dune ridges which were formed
at a time when the shoreline was advancing because of land uplift and the wind
was accumulating sand on the ridges. There are summer cottages on the northwest-
ern part of the beach, but trampling has not been very intensive around them. The
southeastern part is used for swimming and camping, and is harrowed every spring.
The pine forest behind the bathing beach has been heavily trampled.
The sand of the Padva beach contains calcium, which is rapidly leached from
the topsoil further away from the shoreline, leaving the soil acid (Fig. 7). This cal-
cium, accumulated by the waves, may originate from the local glacial till, as lime-
stone is found about ten kilometres northwest of Padva (Geological Map of Finland
1955), and there may be more in the sea bottom.
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Fig. 7. A profile across the unharrowed part of the Padva beach (Tenhola; no. 8 in
Fig. 3) on 29 August 1987. Measurements of soil nutrient content are shown under
the profile (three samples).
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Coasts of the Bothnian Sea
The beaches of Yyteri are located on the Jotnian sandstones (Tikkanen 1981: 259).
Weathering, and particularly the glaciations, separated out large amounts of fine
sand suitable for aeolian transport from the sandstone, and the glacial meltwaters
accumulated this material into an large esker chain extending over 70 km from
Virttaankangas to Yyteri (Tikkanen 1981: 285) and further as a submarine esker of
unusually large dimensions (Winterhalter 1972: 42). Beach drift, waves and winds
have deposited sand onto the shores of Yyteri. Only the most resistant mineral is
left in appreciable amounts. The sand of Yyteri is quite pure quartz sand, with
some mica in the fine fractions. The beaches lie south of Mäntyluoto, the harbour
of Pori.
9. Yyterinsannat, Pori (100 ha)
The arcuate beach of Yyterinsannat (Fig. 3, nr. 9) extends three kilometres north-
wards from the tombolo of Munakari, and there is also a spit reaching almost three
kilometres south from the tombolo. Pebbles and cobbles have been enriched on this
mainly submerged tombolo by powerful wave action. At the northern edge of
Yyterinsannat lies the headland of Herrainpäivät and to the north of this there are
two more smaller beaches (Fig. 8). Numerous old, stabilized, forested dunes are to
be found landward of Yyterinsannat and separated from it by a broad depression
that lies almost at the sea level and is used for camping, parking, rented cottages
and other buildings. A hotel and a restaurant have been built on the top of the high-
est dune ridge, which borders onto the landward edge of the Yyterinsannat dune
field, and there is a holiday village in the southern part of Yyterinsannat. The area
between the hotel and the restaurant is the most heavily trampled. There is also a
small amusement park, and two deflation basins have been deepened to form a
swimming pool, the water level of which varies with the sea level. The foredune
has been activated by strong winds in the most trampled places over the past few
years (Fig. 9).
The meteorological station of Kuuskajaskari lies almost 50 km south of Yyteri,
but both of these places are similarly exposed to winds. The most significant winds
seem to blow from between south and west, varying with the season (Table 2).
When NW winds prevail, the headland of Herrainpäivät shelters the northernmost
part of the beach, and this area was connected to the mainland by a tombolo in the
eighteenth century (Wahlroos 1890; Wallin 1980: 6–8). This isthmus is still
marked as a coastal sand flat on Häyrén's map published in 1909 (Fig. 10).
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Fig. 8. Aerial photograph (no. 9519:112) of the Yyteri dune field (Pori; no. 9-11 in
Fig. 3) in 1995. Compare with Figure 9. By permission of © Maanmittauslaitos,
permit no. 51/MML/08.
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Fig. 9. At Yyterinsannat (Pori; no. 9 in Fig. 3) the foredune has become mobile at
the most severely trampled sites during the 1990's and active slipfaces have formed
(photographed on 7 July 1996).
Southerly and southwesterly winds are most effective in the northern part of the
beach, while the waves are broken by Munakari in the south. The waves refract
around the tombolo and move the sediment towards it. The shoals are much
broader to the north of the tombolo than to the south. The foredune alters in its
morphology with the sediment supply. In the southern part of Yyterinsannat the
sediment budget is positive, the slope profile is gentle with numerous longshore
bars and the foredunes are low, parallel ridges of height 0.5–2 m on the prograding
beach (Fig. 11). South of the holiday village the dune ridges have grown together
to form one ridge 3–5 m high. These dune ridges consist of concentric layers, and
the windward slopes also show aeolian cross-bedding. The small, terrace-like em-
bryo dunes on the windward slopes are bound by Honkenya peploides in some
places.
The slopes of the foredunes have a gradient of 5–10o (Tikkanen 1981: 306), but
can reach 30-35o in some places on the leeward slopes. The foredune ridge is at its
highest in the middle part of the beach, at the restaurant, where it reaches about 8
m and the slopes are steeper than in the south. From here to the northern part of the
beach the windward slopes are steeper than the leeward slopes (average 30o), be-
cause of wave erosion, deflation and trampling, except in places where the dune is
actively moving and a slipface has developed. Elsewhere the leeward slopes con-
sist of blowover strata. Because of the severe trampling, the foredune ridge is bro-
ken by numerous wind-scoured blowouts. The windward slopes on the northern
part of the beach are characterized by slumped tufts of lyme-grass (Fig. 12) and
there are trees growing on the dune. The foredune is again lower in its northern-
most part, 1.5–2 m, and the windward slopes are steeply eroded by waves (Fig. 13).
The shoreline in this area has remained almost unchanged since the beginning of
this century (Wallin 1980), but the dune slope has retreated as a result of storms
over the past few years.
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Fig. 10. The Yyteri dune field at the beginning of this century, drawn after Häyrén
(1909: map appendix). The area to the north of Karhuluoto was still under water.
Thus all the topography types of the Irish dunes proposed by Carter (1990, see Fig.
1) can be seen in Yyteri. The shoreline in the southern part of the beach is pro-
grading quite fast, assisted by the beach drift, while the sediment budget in the
middle part is more balanced and there are avalanche and slump layers on the
windward slopes of the foredune. Here the dunes have had time to grow to some
height. In the nothern part the waves have eroded the foredune and its leeward
slopes are covered by blowover layers. These layers are also formed by niveo-
aeolian deposition in winter.
35
Fig. 11. Profiles across the parallel dune ridges in the southern part of Yyterinsan-
nat (Pori): (A) on 10 July 1987 after a long period of uninterrupted development.
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(B) the same place on 7 July 1991 after severe autumnal storms. Measurements of
soil nutrient content are shown under the profile (three samples). The location of
the profiles is shown by (a) in Figure 13.
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Fig. 12. The windward slopes of the foredune near the hotel and the restaurant at
Yyterinsannat (see Fig. 13) are characterized by slumped tufts of lyme-grass.
Strong winds erode the bare slopes in winter and the waves can reach the toe of
the dune during severe autumnal storms. In the photograph, taken on 13 March
1994, the sea is covered by ice and there are snow patches on the beach.
Deflation, assisted by trampling, has moulded bowls as much as three metres deep
behind the foredune, some of which have reached the groundwater level and are
distinguishable from a distance as dark spots, being covered by mosses. Others,
with dry, sandy bottoms, are still deepening (Fig. 14). The deflation bowls are cov-
ered by ice in winter. There are erosion remnants with more or less even summits
to be found between the deflation bowls in some places (cf. Van Dieren 1934: 207;
Seppälä 1974: 218), having grown higher as sand originating from the deflation
bowls has accumulated amongst the vegetation.
The highest dune of Yyterinsannat lies landward of this undulating terrain, 100
m from the shoreline in the north and 500 m from it near the holiday village. The
highest point of this formation, which is more than 2 km long, called Keisarin-
pankki, reaches about 20 m above sea level. This high dune is asymmetrical in
cross-section, with a gradient of 10–20o on the windward slope and as much as 30–
45o in places on the leeward slope (Tikkanen 1981: 306). It seems that this dune
has not moved much from its original position, although deflation of the windward
slopes has made it more sinuous. There are some deep deflation bowls located
proximally to it, but no continuous deflation surfaces. This high dune was already
well established in its present location and at its present height in year 1907 (Wal-
lin 1980: 8), and no buried soil layers have been found under it in drilling (Tik-
kanen, oral communication 1993). The growth of this dune has been assisted by the
forest growing in the humid depression leeward of it, as the trees and bushes have
weakened the power of wind and the sand grains have been deposited on the dune
ridge (cf. Heikkinen 1994: 272). The trees growing on the dune have been partly
buried in the sand, whereas the roots of some pines on the windward slope have
been exposed by deflation. This dune is no longer growing, as the younger dunes
trap the sand nearer the shoreline. Even the windward slope has mainly been stabi-
lized by vegetation in spite of trampling, and also downhill skiing in winter. The
exceptionally high, steep leeward slope is covered by a dense patch of mesic, herb-
rich forest (Fig. 15), the efficient sand binding capacity of which contributes to the
steepness of the slope. The great contrast between the vegetation of the sunny,
windy SW slope and the shady, leeward NE slope is due to these microclimato-
logical differences.
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Fig. 13. A profile across the northernmost part of the Yyterinsannat dune field
(Pori; no. 9 in Fig. 3) on 8 June 1988. Periodic wave attacks have undercut the old
foredune. The location of the profile is shown by (b) on the map of Yyterinsannat.
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Fig. 14. An active deflation bowl between the foredune and the holiday village at
Yyterinsannat (Pori; no. 9 in Fig. 3) on 9 June 1988. Thick layers of cover sand
have accumulated landward of it.
Fig. 15. The exceptionally steep leeward slope of the Keisarinpankki dune (Yyter-
insannat, Pori; see Fig. 13) is covered by a dense patch of mesic, herb-rich forest
(photographed on 26 July 1990).
According to Wallin (1980), the Yyteri area rose above the sea level in the 6th
century AD. The highest rate of shoreline displacement was about 5 m in a year.
The present beach began to form in the 18th century. At the beginning of this cen-
tury Yyterinsannat was an open sand field, and some islands had just been con-
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nected to it (Suomenmaa 1906: 301-302). In the photographs taken by Lemberg
(1933: app. 1) the foredune lying at the present shoreline has already began to
form. At that time there was a dune ridge 1.5 m high and 20 m broad bound by
Honkenya peploides and the sand field was smooth compared with the modern
landscape and covered mainly by Festuca rubra (Lemberg 1935: 54), which has
subsequently declined, to be replaced by Deschampsia flexuosa. The deflation
bowls have grown deeper and the hummock dunes larger. Where Lemberg (1935:
55) records that some damp deflation surfaces were covered by an algal crust, they
are nowadays covered by mosses. No extensive dark areas indicative of a moss
cover can yet be seen on aerial photographs taken in the 1970’s.
10. The Herrainpäivät area, Yyteri, Pori (25 ha)
The area of Herrainpäivät is taken here to denote the sand field between the head-
lands of Herrainpäivät and Karhuluoto (Fig. 3, nr. 10). Lemberg (1935: 58) de-
scribes this sandy isthmus at the beginning of this century as follows: ‘In the NW
part of the sand field there was a Calamagrostis epigejos dune 0.5 m high border-
ing on the forest of Karhuluoto. The alders in the south were surrounded by a drift
sand field. In the SW part the trees at the forest edge had led to the accumulation of
a dune 4–5 high, the sand on the leeward slope of which had slipped down onto an
older dune bound by Juniperus communis, as a result of which the bushes had
died.’ All these dunes are still distinguishable, but are now covered by forest.
The profile of the beach face is steeper here than in the Yyterinsannat area. The
foredune reaches about 6 m above sea level and follows the north-south direction
of the shoreline. It receives its sand from the gently sloping beach, which is 50 m
in width. The foredune has grown quickly, since it must have reached the necessary
height some time between the mappings of 1977 and 1987 (aerial photographs of
1974 and 1983, contour intervals 2.5 m). The beach also seems to have grown
about 40 m broader during this same interval, and the shoals in front of the beach
narrowed by the same amount. On the zoning map of Pori dating from 1979 (scale
1:2000, contour intervals 0.5 m) the highest points of the dune already reach 4 m
above sea level. Honkenya peploides and Leymus arenarius bind individual hum-
mock dunes on the beach, and Honkenya also forms 'terraces' on the windward
slope (Fig. 16). The dune rises 5 m above the beach. The windward slope has an
average gradient of 10o. The leeward slope is shorter and its gradient varies consid-
erably. Its relative height was about 2 m in 1987 and about 4 m in 1995. The dune
seems to have increased in height by more than 20 cm a year over the past few
years.
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Fig. 16. Honkenya peploides binds hummock dunes on the beach and ‘terraces’ on
the windward slope of the foredune in the area of Herrainpäivät (Pori; no. 10 in
Fig. 3). Photographed on 26 July 1990.
The lengthwise sand ridges on the southern part of the beach are separated by
wind-scoured blowouts. The sand supply on this part of the 500 m long beach is
very abundant at times of strong NW winds, which can blow obliquely over it (cf.
Nordstrom & Jackson 1993). Wind transports sand up the gaps until the walls
prove to be over-steepened and small avalanches are formed under gravity. Strong
winds moving sand up the gaps fashion sharp crests on these ridges (Fig. 17). The
form of these ridges is due to the interaction of turbulent wind, deposition of sand,
the vegetation cover and trampling.
Fig. 17. Strong northerly winds have moulded elongated dune ridges separated by
wind-scoured blowouts near the headland of Herrainpäivät (Pori; no. 10 in Fig.
3). Photographed on 9 June 1988.
Landward of the foredune there is a gently undulating sand field, the grain-size
distribution of the material of which is quite similar to that of the foredune, but
with slightly more coarse grains. This area is now being invaded by pine forest.
11. The Karhuluoto area, Yyteri, Pori (15 ha)
The Karhuluoto area (Fig. 3, nr. 11) denotes here the sand field between the head-
lands of Karhuluoto and Mäntyluoto. In the 1930's this was an even, expanding
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sand flat (Lemberg 1935: 57). Thus its oldest dunes were formed after that time.
The beach is sheltered by the foreland of Uniluoto, and the waves are broken up by
broad shoals in front of the beach. Comparing the Basic Maps of 1970 and 1987,
the shoreline seems to have advanced only 10 m, but the shoals have expanded
seaward by as much as 120 m.
Fig. 18. A 0.5 m high dune ridge (in the upper right-hand corner), which is here
two years old (on 9 June 1988), is bound by lyme-grass. The stands of Phragmites
australis (seaward of the ridge) later formed part of a newer, parallel foredune.
The tufts of lyme-grass in the foreground are growing on a dune ridge 2 m high.
The headland of Karhuluoto (Pori; no. 11 in Fig. 11) is in the background.
Fig. 19. Water erosion and deflation have broken old dune ridges into separate
sand mounds bound by sterile lyme-grass, mosses and lichens (Karhuluoto area,
Pori; no. 11 in Fig. 3). Photographed on 9 June 1988.
There was a low, discontinuous embryo dune ridge only 10-20 cm high in the mid-
dle part of the beach in summer 1987, but lyme-grass was already growing on it
densely by the next summer and the dune was 0.5 m high and continuous (Fig. 18).
There were two parallel dune ridges 1-2 m high, landward of it, the one lying
closer to the shore in particular being interrupted by wind-scoured gaps. Some long
(8 m), low (10 cm) fan-like blowover 'deltas' formed to the lee of these ridges. The
third, furthest parallel dune ridge had broken into separate mounds bound by sterile
lyme-grass (Fig. 19), and these dune mounds continued for over 40 m, becoming
lower further away from the shoreline. These mounds had numerous open sandy
surfaces smoothed by rains and winds and dotted by dark sand 'lumps' formed by
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fungal hyphae (Fig. 20). The sand in the more humid depressions was covered by
an algal crust (Cyanobacteria). Cover sand had accumulated landward of the dune
mounds.
Fig. 20. Dark sand ‘lumps’, formed by fungal hyphae binding sand grains together
on bare deflation surfaces (Karhuluoto area, Pori; no. 11 in Fig. 3). The ‘lumps’
are usually about 3 cm in diameter (photographed on 9 June 1988).
The landscape was completely changed in spring 1990, when the dune field was
levelled to form a golf-course. The embryo dune had developed into a foredune by
that time, and in summer 1995 it was 1.5 m high and partly bound by Phragmites
australis. The dredging that has taken place near this area does not seem to have
reduced the supply of sand to the beaches of Yyteri.
All the sand samples taken from the Karhuluoto area have a the median grain
size finer than 0.2 mm. Finer and coarser layers can be seen on the shore, and the
samples, including those representing the coarser part of the grain-size distribution,
contain a large number of dark mica scales that may originate from the till of the
headlands. In some places on the beach the fine sand forms a crust that protects the
surface from deflation. This crust is nevertheless broken by trampling, but is pro-
moted by all forms of impurity such as algae, salts and pollutants. Pollution of the
air and water has been greatly increased by the chemicals factory at Mäntyluoto
(Atlas of Finland 1986: folio 132: 11). The fine sand can also be bound by the hu-
midity that prevails after long periods of rain.
Coasts of the Quark
There are many dune fields on the coasts of the Quark and the Bothnian Bay, and
even the till in this area contains large proportions of sand and silt (Okko 1949: 31–
33). During the glaciations material was transported here from the deeps in the
Gulf of Bothnia, which also contain sandstone (Okko 1949: 37; Atlas of Finland
1990: folio 124: 24), and sand has also been carried to the coast by streams and
rivers. Land uplift has been up to 1 m in a century this area, and this has assisted in
the formation of dune fields, as the sand flats that become exposed continuously
provide new material for aeolian transport.
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12. Storsanden, Monäs (50 ha)
Storsanden is situated on the northern tip of the Monäs Peninsula, near the town of
Nykarleby (Fig. 3). There is only one foredune bordering on the two kilometres of
beach, and this becomes lower fom west (2.5 m) to east (1 m). Its windward slope
has been eroded by waves and is steep, up to 30o in places, while the leeward slope
consists of blowover layers. A sandy tombolo in the middle part of the beach con-
nects the island of Lotan to the mainland (Fig. 21).
Landward of the foredune there is an even sand flat 150–300 m wide, obviously
formed by deflation as a result of grazing. There were a lot of livestock in this dis-
trict at the beginning of the century (Suomenmaa 1925: 223) and the seashore
meadows were used for grazing. On the other hand, settlement was very scattered
on these poor sandy soils. Also, the forests were extensively felled early this cen-
tury (Suomenmaa 1925: 225), which increased the aeolian transport of sand.
Landwards of the sand flat, now covered by mosses, there are old dune ridges,
which wind on account of blowouts. The arcuate blowout dunes in the forest are 2-
5 m high and are separated by peat bogs.
Since the shoreline seems to have advanced about 50 m during the past 40
years, one can conclude from this and the height of the base of the old dune bor-
dering on the deflation surface that the age of this dune could be about 200 years.
The incipient foredune was probably formed some time in the 1950's. The deflation
surface was already as broad as it is to day in the early 1950's. According to Granö
and Roto (1989: 52), the duration of shore exposure (the time that the beach has
been located between the highest and lowest sea levels) is only 260 years near
Vaasa. This is due to the fact that land uplift is rapid and sea level fluctuations are
quite small (120 cm).
In summer 1987 the deflation surface was covered by patches of Racomitrium
canescens and Empetrum hermaphroditum, with saplings of pine, and by summer
1991 the pines were already 4 m high and the open sand flat had disapperared. The
area mentioned above corresponds to the situation in 1987. Recreational use, in the
form of camping and motorcycling, has not prevented the invasion by pine forest.
On the contrary, it can be clearly seen how the open sand flat of 1950 was covered
by mosses and young pines in 1990 (Fig. 21). Counting from the annual shoots, the
pines seem to have begun to grow in the early 1970's. Racomitrium is dying under
the forest, and recently it has also been covered by sand.
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Fig. 21. An aerial photograph of Storsanden (Monäs, Nykarleby; no. 12 in Fig. 3)
on 12 June 1955 (top; no. 5555:43) and on 12 May 1990 (bottom; no. 90154:34).
In spite of shoreline displacement, the open white sandy field has narrowed. It is
covered by mosses and the forest edge has advanced. The older dunes have also
gained a forest cover. The tracks left by motorcycles can be seen clearly. The sand
bars have grown larger and the ponds in the lower part of the older photograph
have been filled in to form peat bogs. A tombolo connects the mainland to the is-
land of Lotan. The waterway in the east is an elongated bay called Monässundet.
By permission of © Maanmittauslaitos, permit no. 51/MML/08.
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13. Tisskärssanden, Vexala (10 ha)
The Vexala Peninsula lies north of Monäs, again near Nykarleby (Fig. 3). The
whole west coast of this peninsula is characterized by small drift sand beaches, as
aeolian material has accumulated between the rocky headlands. The embayment of
Tisskärssanden was formed when land uplift destroyed the strait of Tisskärssundet
and the island of Frösö became connected to the mainland. The highest points of
this isthmus are now about 3 m above sea level. The sands accumulated in the form
of a tombolo south of a separate protrusion that is still called Hoppmansholmen on
the Basic Map of 1952, although this point was situated about 200 m from the
shoreline by 1987. Shoreline displacement during the last 40 years has amounted to
an average of 2.5 m a year.
At the embayment of Tisskärssundet  three parallel dune ridges have been
formed, following the arcuate form of the beach, the youngest developing since the
1970's. Sand has accumulated quite evenly at the base of the lyme-grass, forming a
bed about 0.5 m thick. Only the inland edge of this ridge, in front a stand of Salix
bushes, is higher (1 m), apparently because the bushes, with birches and alders be-
hind, cause deposition of sand. The damp depression with trees has risen above sea
level since the 1940's, when the dune ridge in the middle was still connected to the
shoreline and it was growing in size. The oldest dune ridge slopes gently (4o) to-
ward the highest point of the past isthmus (almost 3 m a.s.l.) and its rocky base can
be seen on the landward slope. There is only about 0.5 m sand above the cliff. A
small rocky island, Tisskär, was apparently once located here. Sand has also accu-
mulated elsewhere on the cliffs, e.g. to form separate hummock dunes on the
southern shore of the embayment.
14. Storsand and Lillsand, Pietarsaari (14 ha)
The beach of Storsand is separated by a rocky headland from that of Lillsand lying
north of it (Fig. 3). Both these beaches form part of a recreation area belonging to
the town of Pietarsaari. Lillsand was harrowed bare in summer 1987. Longshore
bars are left drying in front of these beaches at times of low water. In the northern
part of Storsand the wind has blown sand onto the cliffs, where it has accumulated
around Salix bushes to form hummock dunes. In the middle of the Storsand beach a
brook meanders across the sand. The foredune has been replaced by separate dune
hummocks 0.5–1.3 m high bound by Leymus arenarius, and further from the shore
by Salix bushes, hummocks 0.2–1.5 m high. Juncus balticus is growing abundantly
on the sand and binding small sand mounds. Fontell (1926: 187) mentions this spe-
cies as an important sand binder on these coasts. Sand has also accumulated around
trees.
The beaches of Pietarsaari are exposed to NW winds, which are seen in the rec-
ords of the Mässkär meteorological station, located 7 km north of the beaches, to
be the most frequent and most powerful in this area (Climatological Statistics in
Finland 1961–1990: 114). The strongest winds usually occur in October, so that the
mean wind speed for this month during the period 1961–1990 was 7.2 m/s.
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Coasts of the Vattaja Cape, Lohtaja (500 ha)
A large part of the Vattaja Cape is in use for military purposes, the broadest open
sand fields serving as target practice areas. Wide, continuous open sand fields of
this kind would not be possible in the humid climate of Finland without human
interference. The area of the open dune landscape was determined from the Basic
Map (1987, 1:20 000), and contrasts with the figure of 1400 ha reported by the Lo-
htaja local council (Suomen matkailuopas 1986: 264), which includes an area cov-
ered by forest. The total area of the dune field is even larger than this, however, as
it comprises most of the Vattaja Cape, which is part of an NW-SE-oriented esker
smoothed by waves. This esker continues as an uninterrupted ridge for almost 30
km under the sea and then bifurcates, having continuations on the mainland of
Sweden (Tulkki 1977: 54–57). Land uplift is very rapid in this area, about 8 mm a
year (Atlas of Finland 1990: folio 125: 35). When the esker rose above sea level
the winds will have blown sand onto the foredunes. The parallel dune ridges as
they appear on the Basic Map represent the phases of shoreline displacement. The
depressions between the dunes are often damp peat bogs, having formed when the
dunes accumulating on the sand spits enclosed the lagoons behind them. This hap-
pened to a former pond known as Uusilahti at the beginning of this century
(Leiviskä 1905b: map appendix; Mattila 1938: 3). Now this area has been invaded
by a peat bog, and partly by forest. The same has happened to many other lagoons
on Vattaja Cape that had still clear water at the beginning of this century (Fig. 22).
Not only have they been raised by aeolian sand and land uplift but they have also
been ditched in many places for drainage purposes.
Sandy shores continue unbroken for about 10 km on the west coast of Vattaja
Cape, where they are exposed to westerly winds. Between the headland of Hakunti
and the sand spit of Lahdenkrooppi, the shallows refract the waves in an embay-
ment 3 km wide. Nowadays the beach drift seems to transport sand towards
Lahdenkrooppi. The headlands cause wave refraction, and they continue into the
sea in the form of shallows. The headland of Hakunti, for example, is connected to
a 300 m long shoal with boulders known as Hakunninpauha, and the sandy spit of
Lahdenkrooppi also continues out beneath the sea. To the north of this spit the
shoreline is quite straight and is oriented in north-south direction for 4 km. There
are vast sandy shallows and the surf has moulded giant cusps that continue as sub-
merged transverse bars. South of the tombolo called Kalsonnokka there is an em-
bayment about 2 km wide. Both sand accretion and shoreline advance will proceed
most rapidly in arcuate embayments of this kind. The sea is shallow between Kal-
sonnokka and the island of Ohtakari, which is connected to Vattaja Cape by road.
Wave action is weak in this area and the sediments are silty, so that the shore is
covered by a reedbed. On the east coast of the cape there are some sandy shores
with dunes, where stones and boulders are frequent. Sand has been deposited to the
lee of the boulders.
15. The Karhi dune field
To the north of the Hakunti headland the beach is narrow, only about 100 m wide,
but it broadens out near the sand spit of Lahdenkrooppi (Fig. 22; Fig. 3, nr. 15),
where sand accretion has been abundant. A forest of pines and alders separates the
present-day beach from an old, transgressive dune ridge called Vonganpakka (Fig.
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22) that has moved forward onto a peat bog. Mattila (1938: 4, 10) mentions the
forest and states that the broadest part of the beach was near Hakunti at that time,
while the forest edge came close to the shoreline near Lahdenkrooppi. A beach
usually widens when the sand supply is abundant and the shoreline is advancing
rapidly. According to Mattila (1938: 10), the oldest trees in the forest were 34–37
years old at that time, so that the Vonganpakka dune must have been cut off by the
forest at the turn of the century.
Fig. 22. The cape of Vattaja (Lohtaja; no. 15–17 in Fig. 3) in 1987. The ponds
mapped in 1947 which have now disappeared are shown with broken lines.
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Fig. 23. A profile across the Karhi dune field (Lohtaja) on 1 July 1987. The loca-
tion is shown in Figure 22.
Mattila (1938: 10) and Alestalo (1971: 111, 116) both refer to the dunes between
the headland of Hakunti and the sand spit of Lahdenkrooppi as the Karhi dunes.
The foredunes here were small in the 1930's, or else there were no dunes at all in
places because of grazing by sheep (Mattila 1938: 10–11, 14). Now there is a con-
tinuously growing foredune 2-3 m high (Fig. 23) and older parallel dune ridges,
partly broken into separate mounds by digging and trampling. Some sand mounds
that have not been trampled posses a grey lichen cover.
Fontell (1926: 184) presents a cross-section through the dune field near Ha-
kunti, showing an alder dune located by the shore (Fig. 24). The sand mounds near
the edge of the forest could be remnants of this dune. Now the forest is growing in
a damp, shallow depression, as described by Fontell (1926: 185–186) as lying
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landward of the alder dune and a number of small hummock dunes bound by Salix
and Empetrum.
Fig. 24. Profile across the Karhi dune field at the beginning of this century, drawn
after Fontell (1926: fig. 2). The transgressive ridge of the Vonganpakka dune can
be seen to the right, with uncovered tree stumps on its windward slope.  Compare
with Figure 23.
Alestalo (1971: 116) has also published a profile across the Karhi dunes, appar-
ently representing the northern part of the shore. This shows a foredune 2 m high
followed by a deflation surface (over 30 m wide) and another dune ridge somewhat
wider (30 m) and slightly higher. Aeolian processes had been weak on these dunes,
concluding from the fact that only 10–20 cm of sand had been deposited around the
trees (studied by Alestalo 1971: 117–118) in the course of 25-35 years. The fore-
dune had made no advance. Alestalo (1971: 117) also proposes that the ecological
succession must be due to leaching of the dune sand. The deciduous trees growing
on the depositional areas (Alnus incana, Sorbus aucuparia and Prunus padus) are
replaced by pine, and the grass vegetation gives way to encroaching dwarf shrubs
and lichens as the nutrient content of the soil declines and the deposition of sand
ceases. The growth of the pines is also detarded, but dendrochronology is not a
suitable method for observing the development of the incipient foredune as sap-
lings do not appear on the leeward slopes of dunes until the sand surface begins to
stabilize.
16. The Vattaja dune field
There were no trees on this over 1 km wide dune field at the beginning of this
century (Mattila 1938: 4), and the landscape was described as follows (Suomenmaa
1925: 284): ‘Stormy days offer a magnificent view, when the foaming water of the
crashing breakers approaches from the open sea over the shallow beach and the
thick sand clouds rising from the dune crests are blown landwards, burying the
dwarf shrubs and the bases of the trees.’ Nowadays the dune field is partly covered
by forest, but sand is still accumulating around the tree trunks on the slipfaces of
the dunes, particularly in the target practice areas. The military use of this area be-
gan in the 1950's.
Mattila (1938: 5–12) divided the Vattaja dune field (Fig. 3, nr. 16) into zones
parallel to the shore. Thus the open beach is followed by a 100–150 m wide zone
of dunes with small, separate lee dunes, embryonal hummock dunes and a gently
sloping foredune 1.5–3 m high. The soil surface between the dunes is darkened by
coarser material, and there is a deflation surface covered with coarse material
landward of these dunes, the lower part of which has an abundant vegetation cover
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(e.g. Festuca rubra, Leymus arenarius, Juncus balticus, Salix repens, Alnus in-
cana) binding small dune mounds. The humidity of the soil, given the position near
sea level, has obviously affected the vegetation. The upper part of the deflation sur-
face was shielded by a stone pavement in places at that time, and was covered by
aeolian sand on its landward side, merging into the windward slope of a transgres-
sive dune. Here and there this dune is a vegetationless moving ridge, and elsewhere
it is an irregular complex of giant dune hummocks with wind-scoured gaps be-
tween them. Laakainperänpakka (Fig. 22) is an ordinary transgressive dune with a
gentle windward slope (2–5o) and a steep leeward slope (12–28o against the forest
edge and 30–33o in the lower part of the slipface). The relative height of this dune
is 7–10 m and it is 200 m wide on average. Kommelipakka (Fig. 22) is a typical
dune hummock, the summits of which were covered with alders and varied in
height between 17 and 20 m a.s.l., in contrast to the 10-14 m of the sandy gaps
between them. The unbroken leeward slope had a gradient of 25-32o on average
(Mattila 1938: 5–12).
The Laakainperänpakka dune has been renamed Tarkastajanpakka on the Basic
Maps, but the above description still matches the situation quite well. Its sandy
leeward slope still seems to be active. The forest cover on the dune has greatly in-
creased compared with the photograph taken by Lemberg (1934: app. 2) in 1926.
Fontell (1926: 182) recounts how the dead tops of pines and spruces were protrud-
ing from the sand at that time, and explains that the alders, birches and bird-cherry
trees that had been growing on the dunes had been replaced by pine. Alestalo
(1971: 110–116) traced the advance of the mobile Laakainperänpakka dune by us-
ing dendrochronological methods. The dune had advanced 150 m during the period
1750–1970, an average of 0.7 m a year, but had moved only very slowly since
1905, only 0.1 m a year on averege, and did not seem to have advanced at all in the
late 1960's (Alestalo 1971: 116). There was still considerable accumulation of sand
at the beginning of this century, however, for Mattila (1938: 17) describes how the
dune moved with exceptional speed in 1931-32 and totally buried a barn. He re-
ports a rate of advance of 1.0–1.9 m a year, and tells how there was still a 1 m layer
of snow on the leeward slope in the middle of June 1932, buried by 0.3–0.5 m of
sand (Mattila 1938: 15).
The Kommelipakka dune has remained more stable. It was almost stabilized by
the beginning of this century, as sand was being transported only in the wind-
scoured gaps (Mattila 1938: 17). There are some high, forested dune hummocks
lying proximal to this dune, remnants that show the earlier position of the dune
ridge and which now support pines, spruces, bird-cherries, alders, rowans and juni-
pers, partly buried in sand. The surrounding deflation plain was still entirely open
at the beginning of this century, but now the lower part of this area is mainly cov-
ered by forest and the upper part by an accumulation of aeolian sand. Sand has also
covered some young trees and the the stony pavement (Alestalo 1971: 116).
Alestalo (1971: 111) concludes from the land partition map of 1761 that the
shoreline has advanced 0.5–1.5 km since then. The breadth of the treeless sandy
shore in the 18th century was about 0.7 km. Fontell (1926: 181–182) described the
vegetation to the south of the Kalsonnokka tombolo at the beginning of this century
as featuring a 100–200 m wide sandy beach covered in places by Leymus arenar-
ius, Honkenya peploides and Festuca rubra. The foredune was formed of ridges
0.5–1.0 m high and 5–10 m long bound by Leymus, and another parallel formation
of smaller dune ridges existed landward of this. The ground between the dunes was
covered with gravel and small stones. In addition to the plants mentioned above,
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Juncus balticus and Carex nigra were also present, binding the sand around them.
The large transgressive ridges were situated about 0.5 km from the lower limit of
the epilittoral zone.
A cross-section of approximately the same area drawn in summer 1987 shows
four parallel dune ridges, together with a separate embryonal ridge in places. The
average height of the dunes is 1.5 m. Their windward slopes (5–10o, but steepened
in places by deflation to 23o) are usually more gentle than the leeward slopes (10-
30o). Thick communities of Lathyrus japonicus are growing in the dune slacks. The
extreme landward ridge consists only of separate dune mounds, and further inland
still the deflation surface is dotted with small hummock dunes bound by Empetrum
hermaphroditum (Fig. 25), with Juncus balticus growing between them. Carex ni-
gra has apparently declined in abundance. The surface is broken in places by
spherical blowouts about 5 m in diameter, the formation of which is due to the use
of this area for military purposes. The edge of the forest is more than 200 m from
the shoreline and is marked by birch and alder more commonly than pine. Com-
paring the records with those of Lemberg (1935: 61–62), the change in vegetation
may be seen to have been due to drying of the sandy soil on account of land uplift,
as the species that have declined in numbers (Carex nigra, Juncus balticus, Salix
repens, Agrostis stolonifera and Calamagrostis sricta) are ones that are character-
istic of damp surfaces.
Fig. 25. In July 1987 the deflation surface of the Vattaja dune field (Lohtaja; no.
16 in Fig. 3) was partly covered by a carpet of Racomitrium canescens dotted with
small Empetrum hummocks.
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17. The bathing beach of Vattaja
The bathing beach of Vattaja lies on the northern shore of the cape (Fig. 22; Fig. 3,
nr. 17), east of the road to Ohtakari, and is sheltered against westerly by this island
and the embankment of the road. SW winds predominate in this area, but there are
also high winds from the north at times (Climatological Statistics in Finland 1961-
90: 114). There were no appreciable dunes in this area at the beginning of this
century, and the northern shore of the cape was flat (Mattila 1938: 5), but now the
beach is bordered by a 2.5-3.5 m high foredune, the windward slope of which has
been steepened by marine erosion (Fig. 26). Leeward of the foredune there are
hummock dunes bound by Empetrum hermaphroditum which accumulated about
10 cm of sand in about four years (1987–1991). The soil surface between the
hummock dunes is covered by mosses and Placynthiella lichen. The foredune is
already marked on the 1955 Basic Map as a set of separate hummocks and its ridge
has remained in position since that time.
Coasts of the Bothnian Bay
Some shallow depositional bays, indicated on the Basic Map as open sandy shores
but now covered with vegetation, are to be found on the coasts of the Bothnian
Bay. Their invasion by plants may be due to the cessation of grazing on the shore
meadows, although the eutrophication of the coastal waters will also have contrib-
uted to this development.
The dune of Mateenpyrstö, situated north of the mouth of the River Siikajoki
(Fig. 3), was mentioned by Rosberg (1895a: 94) as a major transgressive dune of
the same importance as the dunes of Lohtaja and Tahkokorva, and he noted that it
had moved onto arable land. Alestalo (1971: 123–126) also studied it, but it has
altered since his time to the extent that it has been separated from the shoreline by
a belt of vegetation (Basic Map of 1980, the map of 1970 still shows an open sandy
shore). This dune belongs to a sand field formed by wind and wave action shaping
the sands of an NW-SE-oriented esker into arcuate, parallel beach ridges, marking
the positions of former shorelines. This forested landscape patterned by sandy
ridges and intervening peat bogs occupies a total area of about 27 600 ha.
18. Hietasärkät, Kalajoki (85 ha)
The Hietasärkät dune field in Kalajoki (Fig. 3) is one of the most popular holiday
resorts in Finland, featuring a water amusement park, baths, the most intensively
used camping site in Finland, two hotels, restaurants, holiday villages and summer
cottages.  The beach, two and a half kilometres in length and the dry pine forest
behind it have been worn through much trampling (Jämbäck 1995: 39). A golf
course was opened in the southern part of this area in 1992, and in the north there
is a race track. Some sand pits have been deepened to form fishing pools. A sur-
faced tourist road has been built along the crest of the highest dune.
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Fig. 27. Aerial photograph (no. 92144:6) of the Hietasärkät dune field (Kalajoki;
no. 18 in Fig. 3) in May 1992. Sand bars are clearly distinguishable, as is the for-
ested patch of Herrainpakat. There are many longshore bars in the southern part,
while in the north the sand spit of Vihaspauha, formed of parallel beach and dune
ridges, streches out for over a kilometre. Keihäslahti, between Vihaspauha and
Tahkokorvannokka, will gradually turn into a lagoon. Compare with Figure 28. By
permission of © Maanmittauslaitos, permit no. 51/MML/08.
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Fig. 28. Map of the Hietasärkät dune field, Kalajoki (no. 18 in Fig. 3). The hotel at
the southern edge is built on the dune of Tuomipakat, and the transgressive dune
ridge to the north of it is called Tahkokorva. The hotel mentioned in text is the
northern one.
This dune field is connected with a huge glaciofluvial esker formation (Fig. 3)
which continues under the sea (Atlas of Finland 1990: folio 124: 24) and to the
First Salpausselkä in SE Finland (Heikkinen & Tikkanen 1987: 243), and the
waves have spread the glaciofluvial material into shore deposits several kilometres
wide on both sides of the esker core. There are parallel beach ridges covering the
sand fields. In low areas the depressions between the sand ridges have been in-
vaded by peat bogs, and it is possible that these low lying surfaces have been moist
ever since they were formed (cf. Jämbäck 1995: 24). Wind has deposited sand on
the ridges, but the esker core, which consists of coarser material, is represented in
the shoreline by a headland known as Tahkokorvannokka (Figs. 27, 28), which has
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numerous rocks and stony shoals in front of it. The beach is also edged by wide
sandy shoals. Westerly winds can blow freely onto the shore, but the archipelago of
Rahja and the island of Keskuskari provide shelter against southerly winds.
Keskuskari is connected to the main land by a causeway. SW winds dominate in
this area, but northerly winds are also frequent in the records of the meteorological
station at Ulkokalla on an offshore island (Heikkinen & Tikkanen 1987: 242, 246).
The dry, sunny climate (Atlas of Finland 1987: folio 131: 19; Jämbäck 1995 20–
21) favours both dune formation and tourism.
Waves and winds effectively deposit aeolian sand from both sides onto the road
embankment leading to Keskuskari (Fig. 28), while the sandy shore of the camping
site immediately north of this is very shallow and over one hundred metres wide.
The waves are usually of low energy and are refracted around Keskuskari at times
of SW winds. According to Tapaninen (1995: 95) sand has also accumulated
northwards beneath the bridge of Keskuskari in a fan-like formation. The beach is
bordered here by a 2-3 m high foredune with an escarpment on its windward side
which has been moulded by heavy trampling and occasional marine erosion. The
leeward side of this dune consists of recent blowover beds. Sand is accumulating
on the dune, especially as a result of autumnal storms. The camping site lies in a
depression between the foredune and the old dune of Tuomipakat, which is about
20 m high and supports a pine forest. Shoreline displacement in this area has been
about 300 m over the last 120 years (Jämbäck 1995: 17). The foredune, which has
trapped little pools behind it, continues into the sea as a sand spit known as Riveli
(Fig. 28), which dams up a damp meadow behind it as a continuation to the pools.
The beach to the north of Riveli is 20 m wide and ends in a shore bank or abra-
sion cliff about 2 m high in which the horizontal bedding of earlier shore deposits
can be seen. In the north the shore bank is topped by a foredune bound by lyme-
grass and slopes more gently because of slumping sand beds. Here summer cot-
tages have been built on and behind the foredune, and hummock dunes have now
accumulated around these. Further away from the beach the hummocks are covered
by mosses and there are some tree saplings growing in their shelter, the needle lit-
ter of which serves to enrich the vegetation cover of the leeward slopes. In the
middle part of the beach, near the hotel, it has been necessary to protect the con-
crete foundations of some cottages with boulders, because the waves are said to
have dug sand out from under the cottages during autumn storms.
Alestalo (1971: 118–119), comparing the shoreline on maps from 1868-70 with
that existing one hundred years later, found that the shoreline at Tahkokorvan-
nokka (Fig. 28) had moved 80 m seaward as a result of land uplift. Thus shoreline
displacement has been about 80 cm a year in the north. One kilometre further
south, however, it has moved landward 40 m during the last hundred years in spite
of the land uplift, which in this area has amounted to almost one metre in one hun-
dred years. The fine, loose, easily erodible material has been proposed as the rea-
son for this shoreline retreat (Alestalo 1971: 118; Heikkinen & Tikkanen 1987:
246), as such material is susceptible to wave action and the northerly winds in par-
ticular can blow onto this part of the beach with their full stregth. The waves tend
to mould the beach profile so as to achieve a balance between erosion and accu-
mulation (Uusinoka 1986: 60–61). At the same time the beach profile has naturally
become steeper as a result of land uplift, and a steep slope favours both destructive
wave action and the movement of sediment away from the shoreline. As a conse-
quence the beach profile again becomes more gentle and accumulation can begin
again.
57
Behind the foredune there is an almost unvegetated deflation surface 100-180 m
wide (Fig. 29) which rises very gently in an inland direction (Heikkinen & Tik-
kanen 1987: 249). The fine material has been blown away from this area and the
surface has become enriched with gravel and stones. There are lichens growing on
the distal sides of the larger boulders, but the windward sides are barren and pol-
ished by blown sand. Trampling has not been so heavy to the north of the hotel,
and here the surface is covered by widely spaced Festuca ovina and patches of Ra-
comitrium canescens. There are also low, table-like erosion remnants showing how
the deflation surface has been worn down to a lower level. In the south, around the
Herrainpakat dune, there are some solitary dune hummocks, the windward slopes
of which have been eroded by deflation, leaving sandy tails pointing leeward. The
height of these dune hummocks varies between 20–150 cm and the diameter 1.5–
10 m. Their sand is markedly finer than that of the surrounding deflation surface.
Fig. 29. A profile across the Hietasärkät dune field (Kalajoki) on 28 June 1987.
The location is shown in Figure 28 (four soil samples, plus one further from Tuo-
mipakat).
The sand at the distal edge of this deflation surface is bound into hummock dunes
by Leymus arenarius, with lower hummocks like steps on the slope. These dunes
are usually between 0.5 and 2 m in height, and their windward slopes (90o–25o) and
the depressions between them have been worn down by deflation. The leeward
slopes are gentler (usually 10o–20o), with sand accumulation. At about 8 m above
sea level a black charcoal layer can be seen in a soil horizon buried in aeolian sand
on the windward slopes of these dunes (Heikkinen & Tikkanen 1987: 263). Nearer
the shore the old soil has been worn away by deflation.
Behind the zone of hummock dunes, on the windward slope of a transgressive
dune ridge, there is a concave deflation surface, again with an enrichment of coarse
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grains. There are also many pine stumps with their roots in the old buried soil hori-
zon (Heikkinen & Tikkanen 1987: 249). Deflation has steepened the dune slope,
especially between the hotel and Herrainpakat dune (Fig. 28). This deflation slope
has a gradient of 10–15o and its upper part ends in a crest with an escarpment (30–
35o). The crest is quite broad and runs parallel to the shore, with its highest points
rising about 20 m above sea level. The slipface has inclinations of 16–30o. Even
young pines are found buried deep in aeolian sand in places on the slipface, while
elsewhere the surface is stabilized by mosses. The pines suffer from being buried
to a considerable depth, and some of them are dead (Heikkinen & Tikkanen 1987).
The southern part of the dune field features the old forested dunes known as
Herrainpakat and Tuomipakat. These are remnants of an older dune ridge, the acti-
vation and movement of which, triggered by deforestation and forest fires, has led
to the formation of the modern transgressive dune ridge (Heikkinen & Tikkanen
1987). Deflation and erosion by rain and the melting of snow, together with heavy
trampling, are gradually eroding the slopes of Herrainpakat (Fig. 30) and uncover-
ing the roots of trees. This dune hillock has clearly shrunk during the last 60 years,
and the trees are easily blown down in high winds (Jämbäck 1995: 45).
Fig. 30. Wind and water erosion has uncovered the roots of pines on the trampled
windward slopes of the Herrainpakat dune (see Fig. 28). Photographed on 21 July
1991.
According to Heikkinen and Tikkanen (1987: 263), the old surface covered with
the soil horizon rose from the sea some 900 years ago and was bound by the vege-
tation for at least 500 years later, as a clearly discernible illuvial horizon has
formed. A dune ridge was formed near the shore during the Little Ice Age, and
aeolian processes have become activated again after forest fires, apparently in the
1830's (Heikkinen & Tikkanen 1987: 264; Jämbäck 1995: 13). The map of 1868–
70 already shows Herrainpakat as a separate hillock. Heikkinen and Tikkanen
(1987: 250) note that  the dune has been moving over a level shore deposit in the
north, near Tahkokorvannokka, and over beach ridges in the south.
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Fig. 31. There is an arcuate deflation surface on the windward slope of the
Tahkokorva dune. Old tree stumps have been revealed as the dune has moved
(photographed on 21 July 1991). This area was entirely bare at the beginning of
this century (cf. Leiviskä 1905b: app. 8).
At the beginning of this century this transgressive dune was completely devoid of
vegetation and pine stumps had been exposed by deflation on its windward slope.
Some of these stumps can still be seen (Fig. 31). According to Rosberg (1895a: 85-
86), the slipface moved into the pine forest and the dead trees were felled for fire
wood. Sand transport was abundant around 1890, as there were three years in
which even stumps 2.5 m high were exposed. Also, the slipface was steep at that
time, 30o, whereas now it is usually only 20o or less (Heikkinen & Tikkanen 1987:
257). An aerial photograph from 1947 shows the whole area to be still without any
vegetation, and there were no hummock dunes on the windward slope of the trans-
gressive dune, but there were layers of light cover sand in the forest behind the
dune. The zone of hummock dunes can already be seen in photographs from 1964,
however (Heikkinen & Tikkanen 1987: 258–259). According to Alestalo (1971:
122), sand accumulation had been especially abundant on the slipface in 1929–32,
when it amounted to 4 m altogether, and at the same time the dune was increasing
in height (Jämbäck 1995: 15). The slipface was moving about 1.5 m a year at the
beginning of the century (Alestalo 1971: 123). According to Heikkinen and Tik-
kanen (1987) the dune has moved almost a metre a year over the last hundred years
and has now migrated 200 m inland from its earlier position. Aeolian activity has
diminished significantly since the 1940's, when unlimited grazing by sheep came to
an end (Heikkinen & Tikkanen 1987: 259, 264). Sand is now accumulating only in
some places on the slipfaces as a result of human activities. Some organic layers
can be found on the slipfaces, pointing to earlier stable periods (Heikkinen & Tik-
kanen 1987: 252). Dune migration has now come to a standstill (Heikkinen & Tik-
kanen 1987: 264), although trampling still prevents the spread of vegetation to the
windward slopes.
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From the Hietasärkät area the dune field continues to the southwest in the form
of low, forested dune ridges parallel to the shoreline, before rising again at the
higher, arcuate ridge of the Viitapakat dune. To the south of Keskuskari the mate-
rial near the shore is so fine-grained and moist that the vegetation can easily estab-
lish itself on the surfaces and there are only small dune formations (Tapaninen
1995: 72). The dunes known as Maristonpakat to the northeast of Hietasärkät have
already lost their connection with the present shoreline.
19. Letto, Kalajoki (35 ha)
The peninsula of Letto forms part of the delta at the mouth of the River Kalajoki
(Fig. 3, nr. 19; Rosberg 1895b). Its sandy plain features low, parallel sandy ridges
deposited by a combination of wind and wave action, alternating with wet or moist
depressions. This topography continues to the sea in the form of parallel longshore
bars. On Rosberg's map from the end of the 19th century (Fig. 32), the present-day
pool of Rantalampi is just closing up at the river mouth and there is not yet any
sign of the pool of Letonlahti that is marked on newer maps (Fig. 33). In the mid-
dle part of the sandy flat the shoreline has moved over 500 m during one hundred
years, and comparison of newer maps shows current shoreline displacement to be
about 2.5–5 m a year. Northerly winds can blow freely onto this shore.
Fig. 32. Map of the delta of the River Kalajoki, drawn after Rosberg (1895b: app.
11). The lagoon of Rantalampi is just closing up. Compare with Figures 27 and 33.
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Fig. 33. The dune field of Letto (no. 19 in Fig. 3) at the mouth of the River Kalajoki
in 1991. The shoreline and ponds of the 1954 mapping are shown with broken
lines. The whole area is less than 5 m above sea level.
Agrostis stolonifera binds small hummock and lee dunes on the vast sandy shore
plain in the occasionally submerged littoral zone, and these Agrostis dunes had
grown 10–30 cm higher by July 1991 and were more frequent than in summer
1987. Most of the sandy plain is devoid of vegetation and bordered by a 0.5–2.5 m
high foredune. The grain-size of the material is markedly finer in this area than on
the Hietasärkät dune field of Kalajoki. The lyme-grass growing on older dune
ridges is sterile, and the ridges have been lowered by deflation and water erosion.
The sand is bound by the root systems of the dying lyme-grass. Further from the
beach the dune ridges have been levelled to sandy tracts rising less than 0.5 m
above their surroundings, the moist depressions between which are covered by a
continuous carpet of mosses. The highest dunes in this area lie nearest the shore-
line. Trampling is not important behind the foredune, but the sandy shore plain is
used for training horses.
20. Yrjänä, Tauvo
The bay of Yrjänä is situated on the western shore of the Tauvo Peninsula in Sii-
kajoki (Fig. 3), a broad glaciofluvial formation which continues under the sea (At-
las of Finland 1990: folio 124: 24). Both winds and waves have deposited sand
onto the beach ridges, which are over one metre high and arcuate, following the
form of this pocket beach (Fig. 34). They are separated from each other by wet de-
pressions, and similar depressions further landward have been invaded by peat
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bogs. The sandy shore is shallow. In the Siikajoki area a new beach ridge is formed
at an average interval of 22–23 years (Helle 1965: 31).
Fig. 34. Winds and waves have caused sand accretion on the crest of a beach ridge
in the bay of Yrjänä (Siikajoki; no. 20 in Fig. 3). Waves have thrown sand onto and
over the ridge (from right to left in the photograph). Ripple marks in the direction
of the ridge show the last direction of wind transport. The sand is bound by Leymus
arenarius and Agrostis stolonifera as well as Phragmites australis. The parallel
beach ridges are separated by wet slacks with willows and alders. Photographed
on 27 June 1987.
The grain-size parameters of these ridges are quite similar to those of dunes (cf.
Tikkanen 1981: 309; Keränen 1986: 82), and they have very dense vegetation
cover, in which Phragmites australis binds the sand effectively. Bare sand can be
seen only on the windward slope and crest of the youngest ridge, but even there the
leeward slope is covered by Salix bushes and alders. According to Lundberg (1987:
474), Phragmites occurs on dune beaches around brooks, since these sites are
moister and richer in nutrients and humus than their surroundings. Plants growing
on ridges separated by wet depressions can apparently obtain water more easily
than those on real dunes, and in any case habitats that have partly accumulated as a
result of wave action contain more nutrients than pure aeolian sand. The vegetation
cover on these ridges limits aeolian processes, and aeolian sand is accumulated
only in beds that follow the surface and in small mounds on the crests.
21. Haikaranhietikko, Tauvo ( 30 ha)
The Haikaranhietikko dune field is situated on the Tauvo Peninsula, north of Yr-
jänä (Fig. 3). At times of low water level wide sandy shoals provide an abundance
of sand for aeolian transport. The shore is open to westerly winds. The beach is
over 20 m wide and consists of longshore sandy bars with pools between them,
sometimes known as ridges and runnels. The nature reserve area of Tiiranhieta oc-
cupies in the northern part of this area, and both this and the other beaches of the
Tauvo Peninsula are among the best to have been preserved in a natural state of all
the beaches in Finland. There are some summer cottages behind the foredune of
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Haikaranhietikko, but the area has not been heavily trampled nor otherwise altered
by man elsewhere than just around the cottages.
Fig. 35. A profile across the Haikaranhietikko dune field (no. 21 in Fig. 3) on the
western coast of the Tauvo Peninsula (Siikajoki) on 26 June 1987 (six soil sam-
ples). The locations of the profile and the nature reserve of Tiiranhieta are shown
on the map. The whole dune field is less than 5 m above sea level.
The ecological succession that occurs on dune ridges is clearly to be seen here. The
incipient foredune is bound by Leymus arenarius, while Hieracium umbellatum
and Rumex acetosella are also abundant on the older parallel dune ridge. Both
dunes rise 2–3 m above their surroundings. The older dune was still the higher one
in summer 1987 (Fig. 35), but the situation had changed by summer 1991, as the
incipient foredune had grown 0.5 m in height. There are sand terraces caused by
water erosion on the leeward slope of the older dune ridge. On still older dune
ridges Leymus arenarius has become sterile and the ridges have been reduced to
hummocks less than 0.5 m high and covered mainly by mosses and lichens. Behind
this zone of dunes, which reaches about one hundred metres in width, there is a
moist depression.
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Fig. 36. Most of the dune hummocks bound by Empetrum in the Haikaranhietikko
dune field (Siikajoki; July 1991) are remnants of old Leymus ridges. They have
steeper slopes than the hummocks bound originally by Empetrum. Wind direction
is from left to right.
Further away from the beach the dune ridges have disintegrated into separate
hummocks, the younger of which have lyme-grass growing on them as a relic,
while the older ones are bound by Empetrum and lichens (Fig. 36). These dune
hummocks, formed as erosion remnants, are quite high, usually 70–150 cm, and
have steeper slopes than the more shield-like hummocks that are merely accumula-
tion forms. Rosberg (1895a: 87) reports that at the end of the 19th century the
western coast of the Tauvo Peninsula was bordered by low dune ridges 1–2 m high
which had earlier been higher. There were birches growing behind the dunes. One
2 m high dune near the ferry house of Haikara had disappeared in the space of ten
years. The dune hummocks now lying about 200 m away from the beach must be
remnants of the old dune ridges mentioned by Rosberg. On the map drawn by
Leiviskä (1905b), the western shore of the Tauvo Peninsula consists of stony
headlands with pastures between them. These headlands are now to be seen behind
the forested depression, in the form of accumulations of stones and boulders partly
covered by aeolian sand. The island of Tauvo had already grown into a peninsula
by the turn of the century and was edged with dunes almost throughout (Rosberg
1895a: 86–88).
22. Ulkonokanhietikko, Tauvo (180 ha)
On the north coast of the Tauvo Peninsula (Fig. 3) there is a vast sandy marsh that
is submerged at times of the highest water levels. Lemberg (1935: 67) reports that
there was a moist sandy plain 200–1000 m wide here in summer 1926, and land-
ward from it a zone about 500 m wide where Agrostis and Puccinellia were pro-
moting the formation of miniature dunes. Rosberg (1895a: 87–89) mentions that
there was a solitary dune mound 3.7 m high in the middle of the vast, bare sandy
plain, and the beach was evidently bordered by a 2–4 m high dune ridge at that
time (Rosberg 1895a: 87–88; Lemberg 1935: 68). Lemberg reports that this latter
dune was located beside a lagoon pond, which has now been invaded by a peat bog
vegetation and has even been ditched. The old dune ridge is now 0.5–1.7 km away
from the shoreline.
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Fig. 37. Aerial photographs of the Ulkonokanhietikko (no. 22 in Fig. 3) in the NE
corner of the Tauvo Peninsula (Siikajoki) in July 1975 (top; no. 75223:17) and in
early June 1994 (bottom; no. 94113:212). The vegetation  has advanced signifi-
cantly in binding the sand field in the interval between photographs. By permission
of © Maanmittauslaitos, permit no. 51/MML/08.
The north coast of the Tauvo Peninsula is open to winds blowing from between
north and west. Some low, parallel dune ridges alternating with damp depressions
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are found in the western part of the area. The highest dunes now rise about 3 m
above sea level, and summer cottages have been built in the shelter of them. The
western part of the peninsula belongs partly to a nature conservation area and
partly to a recreation area owned by the town of Raahe. The area has preserved its
characteristics for at least one hundred years. There is still a vast, vegetationless,
sandy plain and a marshy meadow that is occasionally flooded. Solitary dune
mounds rise from this even basement. They form rows and are elongated parallel to
the shoreline. The highest of these are 1.5–2 m high, but most of them are lower
and have been reduced by deflation to sandy spots with a growth of lyme-grass.
The influence of winds and waves at times of high water levels can be seen in the
form of these dune mounds, the windward slopes being steeper than the leeward
ones. The Tauvo Peninsula is growing as the parallel longshore bars become joined
to the shoreline (Fig. 37), and the peninsula has clearly developed a denser vegeta-
tion cover since the aerial photograph of 1975 was taken.
The Tauvo Peninsula lies near the delta of the River Siikajoki, and it is possible
that finer material is transported here from the river mouth by beach drift. The ma-
terial of the northern shores is finer than that of the western shores.
23. Koppana, Oulunsalo (15 ha)
The Koppana beach is located on the west coast of the peninsula of Oulunsalo (Fig.
3), which represents part of an esker chain surrounded by sand fields that continues
in a SE direction to Rokuanvaara and beyond, following the lake basins (Aartolahti
1973: 8). The substantial width of the sand fields is due to the presence of sand-
stone in the Muhos formation (cf. Alestalo 1986: 150). The Koppana beach lies
near the esker core, which consists of coarser material. The highest point, called
Salonselkä, is a forested sand field located on the southeastern edge of the area
studied here and covered by 3 m high dunes of fine sand. The aeolian material in
the Koppana beach is markedly coarser, and the dunes are lower, separate hum-
mocks. There are some summer cottages and a youth hostel on the beach, which
has no shelter against westerly winds.
The Koppana beach is marked on the map of Leiviskä (1905b: 52) as a dune
field. The area possessed a gravelly headland with a sandy, unvegetated beach 50-
75 m wide to the south of it. There were also some small dune hummocks. The
open beach is still about 50 m wide, and the shoreline seems to have remained in
the same place for several decades (Basic Maps of 1953 and 1988). There are some
small stony cusps, in the lee of which finer material has accumulated. The beach is
quite steep and the littoral zone narrow.
Wave and wind action has caused a low beach ridge to accumulate on the beach
face, with its distal side rising only 20 cm above the sandy deflation surface behind
it. There are also older, equally low ridges that have disintegrated into rows of
mounds. Empetrum binds the dune hummocks on the deflation surface, which are
partly covered by lichens (Fig. 38). The highest hummock dunes are about 1 m
high and 6 m in diameter. Deflation caused enrichment of coarse grains on the sur-
rounding surfaces, but Formica cinerea ants bring finer material from the deeper
soil layers to the surface and so increase aeolian transport. Hummock dunes are
frequent also to be found in the pine forest behind the beach, whereas further away
still they are replaced by continuous ridges.
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Fig. 38. Shield-like Empetrum dune hummocks rise above the deflation surface of
the Koppana dune field (no. 23 in Fig. 3) on the western coast of the Oulunsalo
Peninsula in June 1987.
These hummock dunes could be erosion remnants of earlier beach ridges. Obvi-
ously more material has accumulated among the Empetrum dwarf shrubs on these
remnants as the hummocks have grown in height. This is supported by the fact that
they are shield-like in shape, the bedding follows the surface and the proportion of
coarse grains is low in spite of the coarse source material (these hummocks contain
less than 0.1 % by weight of grains of diameter over 2 mm). The wind has been
depositing sand on the hummocks for a long time.
Ice has been repeatedly thrust up onto this beach and has influenced its forma-
tion (Alestalo & Häikiö 1975). The slowness of the advance of the pine forest is
probably due to these repeated ice-thrust effects. The icefoot transports sand onto
the beach. If the beach material is frozen, even a powerful ice-thrust will not have
much effect on the shore morphology, as only ice-grooved gravelly surfaces and
low terminal push ridges some 20-30 cm in height will be observed the next sum-
mer, but if the soil of the beach has thawed before the ice-thrust, larger crescentic
mounds and parabolic sand ridges will be formed (Alestalo & Häikiö 1975: 20–
23).
24. Pajuperä, Hailuoto (23 ha)
Hailuoto, the largest island in the Gulf of Bothnia (Fig. 3, nr. 24), is located on the
Muhos sediment formation. Its highest parts were deposited by glacial meltwater at
the ice margin (Alestalo 1979: 110–111, 1986: 150). The present island of Hailuoto
has been formed by four islands merging as a result of land uplift (Alestalo 1979;
1986). Waves, beach drift, ice-thrust in the winter and winds have moulded the
sandy soils, although nowadays open blown sand fields are to be found only on the
western and north-western coasts. Elsewhere the material is too silty and develops
a vegetation cover layer as soon as it reaches above the water level (Alestalo 1979:
117). The sandy beaches of the west and northwest coasts are already marked on
the map published by Leiviskä in 1905. The largest active dune field is connected
with the beaches that continue from Marjaniemi to Pajuperä (Fig. 39), but these
areas are nowadays stabilizing and being invaded by forest. The area of the open
sandy dune field and meadow at the accumulation embayment between Pajuperä
and Hannuksennokka is now only about 23 ha, and if the areas behind the small
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forested patches are included, the total area covered by open dune vegetation is
about 40 ha, whereas the area of the open sand field on the Basic Map of 1956 was
still almost 70 ha. The ecological succession can progress in peace on this shore,
although there are some summer cottages and boathouses.
Fig. 39. Location of the dune fields studied in Hailuoto: Pajuperä and the beach to
the south of Marjaniemi. On the other coasts of Hailuoto the foredunes are usually
lower and in many places vast Phragmites stands prevent aeolian activity.
Alestalo (1979: 117–119), having examined the shore of Pajuperä both in the field
and from aerial photographs, divides this sand field about one kilometre wide into
the following zones:
The littoral zone extends up to the extreme high water level, about +140 cm.
The hydrolittoral zone is a gently sloping shore platform 300–500 m wide with ice-
push boulders and megaripples.
The geolittoral zone includes a 5–10 m wide lower beach with bare sand and
ripple marks, and also a foredune comprising the upper beach, dune ridges and
further leeward dune mounds. A deflation surface belongs to this zone, too. Beach
cusps, storm ridges, ice-push features and embryonal dunes occur on the upper
beach. There are two or three parallel foredune ridges, 2–3 m high, bound by fertile
lyme-grass and broken in places by wind-scoured gaps. The leeward dune mounds
are separated by a network of deflation surfaces. The flat deflation surface behind
them is 100–150 m broad and 110–140 cm above sea level, and is enriched with
coarse sand at the surface and with silt in the depressions.
The epilittoral zone contains both young and old hummock dunes. The young
ones are round, 20–30 cm high and 1–1.5 m in diameter. The pines of the sur-
rounding deflation surface were under 20 years old in 1979, but those around the
old hummock dunes are now at least 60 years old. The cover sand beds are even
older than the hummock dunes and are covered by pines and dwarf shrubs. There
are also dead deflation surfaces with a cover of coarse sand and old littoral boulder
pavement strips. About 800 m away from the present shoreline there is a parabolic
dune formed by winds blowing from the SW or WSW, and there is an active blow-
out on the windward slope. Alestalo (1979: 119) concludes from the growth rate of
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buried and later exposed trees that the dune ridge has shifted 200 m in 120 years.
On the windward slope there are dune hummocks 2–3 m high bound by Juniperus
communis. The crest of the parabolic dune, broken by wind-scoured gaps, rises 12
m above sea level. The active slipface, with gradients up to 30–35o, has buried
pines and advanced over mire vegetation.
Fig. 40. Sand terraces formed by water erosion on the leeward slope of the fore-
dune in the dune field of Pajuperä (Hailuoto; no. 24 in Fig. 3) on 23 June 1987.
These zones described by Alestalo (1979: 117–119) can still be seen, as the shore
has not changed greatly during the past fifteen years. There are terraces formed by
water erosion on the leeward slopes of the foredune (Fig. 40), and some of the
older dune ridges have disintegrated into a field of sand mounds. The flat deflation
surface features small hummock dunes 10–20 cm high and bound by Empetrum. In
places the groundwater level is near the surface and Drosera rotundifolia is grow-
ing in the moist sand. Yearly fluctuations in sea level are significant, but because
of land uplift the shore platform of the hydrolittoral, as described by Alestalo, is
more frequently left exposed in spite of the fact that the eustatic rise in sea level
has slowed down the rate of shoreline displacement from 9 mm a year (Alestalo
1979: 109) to under 8 mm.
Comparing Basic Maps of different ages (1956 and 1980), the shoreline seems
to have progressed over 150 m in 25 years in the southern part of the Pajuperä em-
bayment, which is about 6 m a year. In the northern part of the embayment, near
Hannuksennokka, the shoreline seems to have remained unchanged during this in-
terval. The beach profile is steeper near Hannuksennokka than in the south, and the
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material is coarser. Longshore bars are also more abundant on the southern part of
the shore, showing material transport southward from Hannuksennokka. According
to Alestalo (1979: 117) material may have been transported here by beach drift
even from the eroding shore of Marjaniemi. The other sand sources, mentioned by
him, are frozen sand slabs on the underside of grounded ice and a high air pressure
with north-westerly winds, which can cause the sea level to fall by more than a
metre, exposing the sand of the hydrolittoral platform for wind transport.
25. Marjaniemi, Hailuoto (27 ha)
To the south of the stony, boulder-rich headland of Marjaniemi (Fig. 3, nr. 25)
there is a sandy beach more than one kilometre long bordered by parallel dune
ridges. A holiday village with restaurant, a lighthouse and a fishing harbour attract
tourists to the area, and thus the shore is much more seriously trampled than that of
Pajuperä. Nowadays the area of the open, unbuilt dune landscape is about 27 ha,
whereas it covered over 50 ha on the map from 1956.
The same kind of zonation is to be found on this shore as at Pajuperä. In the hy-
drolittoral zone, parallel longshore bars built by beach drift and waves cover the
surface of a wide shore platform that remains partly subaerial at times (cf: Keränen
1986: 80). There were also berms 10–20 cm high in summer 1987, showing the
phases of lowering of the water level. Some embryonal dunes are developing on
the gently sloping windward side of the incipient foredune, which reaches 2.5–3 m
above sea level and 1.5–2 m above its surroundings and has two older, parallel
dune ridges behind it. In the lee of the wind-scoured gaps sand has fanned out to
form ‘deltas’. Water erosion has formed terraces on the leeward dune slopes, and
behind these dunes is a levelled deflation surface with hummock dunes.
When Lemberg (1934: 73–75) studied this area at the beginning of this century
there was a sand field 300 m wide bordered at its landward edge by a small, for-
ested dune. The flora of this shore has not changed much over the decades, but the
frequencies of the species and the topography differ from the earlier situation. Ear-
lier there was a sand flat characterized by miniature Agrostis dunes and the area
was used for grazing (Leiviskä 1905b: 65). According to Alestalo (1986: 153), the
formation of deflation surfaces and transgressive dunes is connected with the
grazing of sheep, which destroyed the lyme-grass. Grazing on the coastal dune
meadows came to an end in the 1950's (Alestalo 1979: 119). After this the sandy
surfaces rapidly gained a forest cover and dune ridges have again been formed on
this shore with the same rhythm as in the inner parts and on the north coast of
Hailuoto. The the interval of 22–23 years in the formation of dune ridges may be
connected with fluctuations in the level of the Baltic Sea and the incidence of
storms (Alestalo 1979: 116–117).
The waves erode the stony promontory of Marjaniemi, and beach drift carries
material southward. This is shown by the grain-size of the shore material, which
becomes finer southward, and by the beach profile, which becomes gentler, to-
gether with the longshore bars and the rate of shoreline displacement. Anyway, the
shoreline has advanced at most only 40 metres seaward in the course of 25 years in
the southern part of this embayment.
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26. Virpiniemi, Haukipudas
This area was included in the present data only in order to compare the grain-size
parameters of dunes of different ages. Aeolian transport is no longer significant on
the shores of Virpiniemi (Fig. 3), but some small hummock dunes are still being
formed around dwarf shrubs. The dry Calluna-Cladina pine forest contains a para-
bolic dune formed by SW winds, with its crest rising over 15 m above its sur-
roundings. The base of this dune lies 15-16 m above the present sea level, so that
this area must have risen from the sea around 200–300 A.D. (Koutaniemi 1986).
Proximally to the dune there are parallel forested beach ridges of a regular height
and width, following the contours. Nowadays aeolian processes are in evidence
only on the west coast of Virpiniemi, on the trampled beach of a holiday village.
Landward of this beach is a partly forested dune ridge 2 m high, the base of which
is less than 5 m above sea level, so that it must be only about 500 years old. It was
probably formed during the Little Ice Age.
27. Röyttänhieta, Simo
This shore and that of Tiironhiekka (Fig. 3, nr. 27) are among the dune fields stud-
ied by Lemberg (1935: 68–71). These shores are good examples of sites where
aeolian activity has stopped during this century.
Röyttänhieta is situated on the east coast of the peninsula of Karsikko and is
separated from the present shoreline by high pine forest. The vegetation cover of
this dune field is still poorer and more widely spaced than that of the surrounding
areas. The sandy shore of this area was covered with Honkenya peploides at the
beginning of the century.
28. Tiironhiekka, Simo
Tiironhiekka is located on the east coast of the peninsula of Ykskuusi (Fig. 3, nr.
28). The sandy shore is covered by thick grass or forest in places, while elsewhere
storm waves have eroded sand away from this low-lying shore. At the beginning of
this century there was a 10 m zone characterized by Honkenya and landward from
this a 60 m zone of low dunes and lyme-grass. There was also a 230 m wide li-
chen-rich heath zone with Racomitrium canescens (Lemberg 1935: 70). Now there
is no dune vegetation left and all the shore formations are the result of wave action.
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Factors affecting the develop-
ment of coastal dune fields
The primary factors affecting the development of coastal dunes are time and tem-
poral changes in climate, the sea, the sand supply and variations caused by man
and animals. Other factors, such as groundwater level, are dependent on these pri-
mary ones. The ecological and geomorphological succession depends on all these
factors.
Climate
The sea makes the coastal climate milder than further inland, the spring colder and
the autumn warmer. The growing season becomes shorter northward (Atlas of
Finland 1987: folio 131: 9), and precipitation and cloudiness are lower on the
coasts of Finland than inland. Precipitation is also lower in the southern Bothnian
Bay than in the Bothnian Sea or the Gulf of Finland (Atlas of Finland 1987: folio
131: 19; Table 1). The dryness of the climate around the Bothnian Bay assists aeo-
lian processes. Solar radiation can be very powerful on open shores, and the tem-
perature of the sand surface can rise up to 60-70 oC (Jämbäck 1995: 21). At the
more northerly sites studied here, near Oulu, the ground is covered by snow from
the end of October to the beginning of May, while in the south, near Hanko, the
snow cover lasts from the end of December to the middle of April (Atlas of Finland
1987: folio 131: 20). Meltwater from the snow increases the dampness of the ter-
rain in spring, especially in deflation bowls, which are covered with ice. Both very
severe and very mild winters have been experienced during the last fifteen years
(Merentutkimuslaitos 1992: 14), but the annual mean temperature in the study re-
gion has slightly risen in the past few years (Heino 1994). The microclimate of
dune fields can vary greatly according to the local topography, exposure, vegeta-
tion cover and soil water content (Wartena et al. 1991: 24–25).
The climate affects the vegetative cover that binds the sand surface. Moisture
alone will bind the sand grains together (e.g. Belly 1964) as well as nourishing the
vegetation. Koutaniemi (1990) claims that precipitation has diminished in southern
Finland over the past few years, based on the records for Stockholm and Helsinki,
whereas Heino (1994), examining all the climatical records in Finland, points to a
slight increase in precipitation over the last decade. Average records for consecu-
tive normal periods at the coastal weather stations, as presented in Table 1, show
an increase in precipitation with the exception of the Åland Islands, Vaasa, Hel-
sinki and Oulu, but the variation from year to year is great. Deflation surfaces are
covered with green mosses during the rainy summers, but the dying mosses are
covered with sand or blown away in dry summers.
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Table 1. Annual total precipitation at coastal weather stations in Finland (see Ap-
pendix 1) during the standard periods 1931-60 and 1961-90. (Helimäki 1967; Cli-
matological Statistics in Finland 1961–90).
Annual total precipitation (mm)
Weather station 1931–60 1961–90
Maarianhamina 558 530.4
Utö 470 506.6
Turku 576 661.6
Pori 526 536.5
Salo 608 645.0
Russarö 464 500.0
Helsinki (Ilmala/Malmi) 688 679.2
Tuusula (Ruotsinkylä) 618 683.7
Kotka (Kirkonmaa/Rankki) 520 582.3
Vaasa 518 499.6
Valassaaret 439 445.9
Kruunupyy 480 518.0
Hailuoto 433 464.7
Oulu (Linnanmaa) 514 512.2
Rain can cause considerable erosion on open sandy dune slopes. During one ex-
treme storm about 2.5–3 kg of waterlogged sand was eroded per a square metre of
dune slope in the Netherlands to form mudflow tongues (Jungerius & Dekker
1990: 191). The distribution of rain on dune slopes depends on the strength and
direction of the wind, and wind speeds will be highest on the upper parts of wind-
ward slopes and lowest on the bottom parts of leeward slopes (Frank & Kocurek
1996; Wiggs et al. 1996). Thus strong winds will blow the rain away from wind-
ward slopes, while leeward slopes will receive ample amounts of rain and snow,
drifting with the wind (Franssila 1949: 149; Geiger 1966: 419–420).
The occurrence of dune coasts necessitates at least occasional  winds that are
strong enough to transport sand. The prevailing winds on the Finnish coasts are
from the south and southwest, but high winds blowing from the north and west are
also quite common. Average wind speeds at coastal weather stations tend to be 4-7
m/s, measured at 10 m above the ground surface (Heino 1976), while aeolian
transport begins when the wind speed is over 4 m/s, measured at 2 m above the
ground surface (Bagnold 1941: 101). Since most of the sand is transported by sal-
tation (Bagnold 1941: 37), aeolian transport increases expotentially with wind
speed (Kuhlman 1958: 67–68; Borówka 1980). The power of winds and waves
depends on the fetch (Schou 1945: 213). The most effective dune building winds
blow onshore and transport material from the shore to the dunes. This is shown by
the orientation of dunes, following the shoreline. Only further away from the shore
are the dunes oriented according to the resultant wind vectors (Robertson-Rintoul
& Ritchie 1990).
Winds can blow onto open shores with their full strength. The most effective
wind speeds for dune building seem to vary between 10 and 13 m/s (10 min aver-
ages) measured 5 m above the ground surface, often during short but sometimes
heavy showers (Arens 1996: 16). Rain may slow down aeolian transport, but does
not stop it (Rutin 1983: 132; Wicherek 1989). The splash erosion caused by the
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rain drops may even increase the transport of larger grains during short showers
(De Ploey 1980; Arens 1996: 15). Prolonged rainfall makes the sand surface hard,
however, and wind transport declines to zero regardless of the wind speed (Arens
1996). The turbulence of the air flow affects the amount of sand transported (War-
ren 1979).
Table 2. Average wind speed, annual wind days and wind distribution among eight
principal directions at three coastal weather stations. Measurements are 10 min
averages recorded four times daily at a height of 10 m. (Meteorological Year
Books of Finland 1981–1991; Climatological Statistics in Finland 1961–90).
Weather station
Hanko, Russarö Rauma, Kuuskajaskari Oulunsalo, airport
Period 1961-90: Average wind speed (m/s) and direction of most frequent/most powerful winds
6.1 SW,W/S 5.3 S/SW 4.0 SE/W
Year Number of days with wind speed
>10 m/s >20 m/s >10 m/s >20 m/s >10 m/s >20 m/s
1982 77 2 73 0 12 0
1983 108 2 97 7 7 0
1984 65 2 52 0 7 0
1985 61 0 54 2 4 0
1986 85 0 57 0 4 0
1987 86 0 45 0 5 0
1988 101 1 10 0 2 0
1989 80 0 93 1 12 0
1990 103 0 80 7 12 0
1991 98 1 61 2 9 0
Month Period 1961-90: Average wind speed (m/s) and direction of most frequent/most
powerful winds in the month in question.
I 7.1 S/SW 5.6 S/SW 4.0 SE/SW
II 6.3 S/S 5.1 S/W 4.0 SE/W
III 5.9 E,SW/SW 5.2 S/SW,NW 4.0 SE/SW
IV 5.4 E/E 4.8 S/NW 4.0 SE/W
V 5.1 E/E 4.5 NW/S 3.9 W/W
VI 5.0 SW,W/N,SW 4.6 NW/SW 4.0 W/W
VII 4.7 SW/SW 4.4 NW/SW 3.7 SE,W/W
VIII 5.1 SW/E,SW 4.5 NW/SW 3.6 SE/W
IX 6.1 SW,W/SW 5.6 S/NW 3.9 SE/W
X 6.9 W/SW 6.5 SW/NW 4.3 S/W
XI 7.6 S/S 6.4 SE/NW 4.2 S/W
XII 7.6 S,W/S 6.1 E/SW,W 4.0 SE/W
Winds are most powerful over the open sea and weaken landward because of fric-
tion. This can be seen in Table 2, which gives records of average wind speed, the
occurrence of strong winds and gales or storms and the annual distribution of wind
directions for three coastal weather stations. Kuuskajaskari is more sheltered by
islands than Russarö, and the weather station of Oulunsalo is located on the main-
land. A weakening of wind power can also be detected at weather stations located
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nearer to each other. Thus the average wind speed in the period 1961–90 was 5.3
m/s at Kuuskajaskari and 4.3 m/s at Pori, and correspondingly, 4.3 on Hailuoto and
4.0 m/s at Oulunsalo.
According to data collected by Fairbridge (1992), the extra-warm climatic cy-
cles during the Holosene have been characterized by higher storm frequencies, and
warming has similarly been shown to be accompanied by stormy winds during this
century (cf. Heino 1994: 93). Especially since 1994, strong winds and autumn
storms seem to have transported sand and moulded beaches and dunes. According
to Kuusisto (1993), the changing wind climate can already be seen in earlier rec-
ords. Four coastal weather stations (Utö, Nyhamn, Rankki and Valassaaret) re-
corded an average of 111 days with winds >10 m/s per year in the 1980's but only
99 such days per year in the 1970's. At the stations of Russarö and Rankki, where
the measuring equipment has remained at the same height for decades, 83 and 49
days of this kind were recorded per year on average during the period 1961-90 and
102 and 72 days per year in 1991–95, respectively.
The most obvious change has taken place since autumn 1994. Before that the
ecological succession continued on the Finnish coasts for decades without  inter-
ruptions, but now a notable change can be observed in the southern part of Yyterin-
sannat, for example, in that the dunes have grown higher and have been levelled
out in places where the slacks have been filled with sand (Fig. 11). In the northern
part of Yyterinsannat marine erosion has steepened the windward slope of the
foredune and thick blowover layers have accumulated on the leeward slopes.
Winds have eroded the windward slopes, and the foredune has begun to move at
the most severely trampled places, so that advancing slipfaces have been formed
(Fig. 10). At Tulliniemi in Hanko the steep windward slope of the foredune has
retreated landward and the dune has grown higher. In places, waves have breached
the dune ridge and thrown sand, pebbles and algae behind the foredune. Sand has
covered the dune meadow and smoothed the surface, and has also suffocated the
lichens (Coelocaulon, Stereocaulon). On the other hand, the real dune plants (Ley-
mus arenarius, Festuca polesica, Carex arenaria) have flourished. Landward of
the foredune new stony deflation surfaces have appeared and the pines have be-
come buried more deeply in the sand. Marine erosion has also levelled the beach
ridges of Lappohja and eroded a cliff into the slope of the First Salpausselkä end
moraine, which is partly covered by dunes.
Borówka (1980), having studied the amount of aeolian transport on the Polish
coast, notes that stormy winds seem to be the most important factor, even though
they last for only short periods of time. Aeolian transport on the Polish coast is
most effective in autumn and winter. The humidity of the ground does not affect
the rate of transport to any notable extent, especially with high winds, although
Pluis (1992) reports that in the Netherlands aeolian transport is least effective in
winter in spite of the fact that the winds are most powerful at that time. The winds
do transport sand in the winter in Finland, too (Laulajainen 1914: 210; Mattila
1938: 5), and pile it on top of the snow on the leeward slopes of dunes to form
tongue-like niveo-aeolian accumulations (cf. Koster & Dijkmans 1988; Dijkmans
1990; Pye & Tsoar 1990: 251–253). Strong winds are most common here in Janu-
ary–March and in October–November (Keränen & Korhonen 1952: 114; see also
Table 2). The soil is frozen in winter, of course, which diminishes aeolian trans-
port, but when the temperature is close to zero, the sublimation of the ice in the
pores loosens the sand and yields large quantities of sand grains for transport
(McKenna-Neuman 1990a, 1990b; Van Dijk & Law 1995). The wind power is
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concentrated on the wind-scoured gaps breaching the dune ridges, and even clods
of wet sand can be transported up the slopes of these gaps when assisted by a hard,
ice-covered surface.
Snow can also drift with the wind, even at wind speeds of 5–7 m/s (Rudberg
1968: 183). The dune crests remain snowless for a long time in the autumn, and the
thin snow cover melts early at the same points in spring. Without the sheltering
snow cover the plants would be exposed to freezing (Seppälä 1971: 28). Thus the
snow cover in winter is an important factor regulating the distribution of the plant
communities on coastal dune communities, as elsewhere (Hiltunen 1980; Clark et
al. 1985; Haapasaari 1988). According to the findings of Sarre (1989: 25), the ac-
cumulation of sand is regulated by the seasonal variation in wind and by the vege-
tation cover. Most of the accumulation takes place on windward slopes covered by
vegetation.
At Yyteri on 13. March 1994 the air temperature was above zero and the sun
was shining and melting the snow. The preceding week had been rainy, and in spite
of the strong wind and the bare state of the dune crests, aeolian transport was very
slight, as the ground was mostly frozen or the sand was saturated by water. Some
sand grains were transported as the surface was dried by the sun and wind, and
these were accumulating on the leeward slopes to form thin, tongue-like covers.
The sand layers between the snow layers were thin, the thickest of them being only
about 5 mm. At least some of them had been formed after rains or melting, when
waterlogged sand had flowed down onto the snow. Mudflows of this kind are
common on the leeward slopes of foredunes. Rainwater also accumulates on lee-
ward slopes at times of strong winds. Niveo-aeolian layers are characteristically
laid down grain by grain, but the material of the mudflow tongues consists of
clods. It is obvious that aeolian transport is insignificant in Finland during the
coldest winter months, but it can begin early in the spring, when sublimation makes
the sand surface rough. Especially significant sublimation features are hollowed
sand crusts resting on dead tufts of Leymus arenarius on dune crests. These sand
crusts 1–2 cm thick will have been formed on snow or ice layers, and 5-10 cm
hollows will have been left when the latter sublimated. The sand crust remains,
bound by cohesion between the moist sand grains, and the sand is easily trans-
ported away by the wind when the crust dries out. Koster and Dijkmans (1988)
describe similar formations on the Kobuk dunes in Alaska.
The sea
The sea in front of dune coasts is shallow. The greatest fluctuations in sea level in
the Baltic are caused by the weather, and reach their maximum at the ends of the
gulfs (Fig. 41). The highest sea level recorded at Kemi, at the northern end of the
Bothnian Bay, is +201 cm and the lowest -134 cm. The tide is only 10 cm at its
maximum (Atlas of Finland 1986: folio 132: 3). At times of stormy westerly or
southwesterly winds the sea level can rise at a rate of 1 m/h. These winds are often
accompanied by rain. A low water level can be caused by northerly or easterly
winds blowing at a time of high pressure, whereupon the sea level can fall 1.0–1.5
m and expose the sand bars (Lisitzin 1958, 1964; Vartiainen 1980: 13). Examples
of the seasonal variation is shown in Figure 42. The winds are powerful in the
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autumn and the early winter and the sea level is high. The maximum values are
usually measured during severe storms. There are exceptions, however, e.g. in No-
vember 1993, when winds lowered the level of the northern Baltic 30 cm below the
theoretical mean sea level (Kahma 1994: 10). The winds are usually weak in spring
and early summer, so that the sea level is below the mean value and variations are
at their minimum (Atlas of Finland 1986: folio 132: 6). Thus the effect of northerly
winds as dune builders is often assisted by a low sea level (cf. Davidson-Arnott &
Law 1990: 199). The sea level has a direct effect on the groundwater table in the
coastal dune field, and the latter regulates the end level of deflation and the spread
of vegetation on the deflation surfaces (cf. Seppälä 1984: 48, 1995: 801). In the
case of the Gulf of Bothnia, land uplift is always a significant factor affecting the
shaping of the coastals (Fig. 43). According to Granö and Roto (1989: 52), shore-
line displacement at Vaasa, where land uplift is rapid and sea level fluctuations are
small, takes about 260 years to proceed from the lower to the upper limit of the
littoral zone, whereas at Hamina, where land uplift has slowed down and the sea
level fluctuates considerably, displacement is much slower, about 1300 years.
Fig. 41. Distribution of sea level fluctuations in the northern part of the Baltic Sea
(cm) at the 99 % probability level in 1926–55, after Atlas of Finland (1986, folio
132: fig 5a).
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Fig. 42. The annual course of sea level heights at Hanko and Oulu, as recorded by
tide gauges (monthly averages by Merentutkimuslaitos 1995).
The level of the oceans has been rising, and this, too, can be detected on the coasts
of Finland. According to Kahma (1993: 14-15), the longest series of records shows
that the mean sea level of the Baltic has been higher since 1975 than could be ex-
pected on the grounds of the earlier even trend, the statistical significance being 90
%. Similarly, the tide gauge records for Hanko and Oulu (Fig. 44) show how the
sea level has settled at a higher level than before since the 1970's. The same ten-
dency can be seen in the mean values for yearly records, i.e. the floods have been
higher and perhaps also more frequent. The records of the tide gauges are com-
pared in Figure 44 with the theoretical mean sea level, a long-term average calcu-
lated separately for each year and each tide gauge. This value has been corrected
since 1975 for the influence of land uplift and eustatic sea level rise, a correction
factor which at Oulu has been +7.1 mm/year for the period 1975-1989, +6.9
mm/year in 1990-1992 and +3.9 mm/year 1993-1994, and at Hanko +3.1 mm/year,
+2.73 mm/year and -0.27 mm/year, respectively. Thus the eustatic sea level rise is
already more than the effect of isostatic land uplift on the southern coast of Fin-
land, implying a marine transgression and consequently a smaller supply of sand
for aeolian transport. According to measurements performed by the Finnish Insti-
tute of Marine Research, the sea level has been rising by 3.8 mm/year over the past
few years (Kimmo Kahma, oral presentation 1995). The change in winds in the
basin of the Baltic could also have this kind of effect, in which case the rise would
be only temporary. Eustatic sea level rise is a global phenomenon, but changes in
winds and weather have also played a part in the unexpectedly rapid rise in the
Baltic sea level during the last ten years. When the sea level is rising the bars move
towards the shoreline (Keränen 1985: 46-47), and if the sand supply is limited,
aeolian sand may accumulate only as a thin veneer on beach ridges moulded by
waves (Carter 1985: 29-30). On the other hand, on the Landes coast of France, a
littoral transgression has led to the formation of the highest coastal dune in Europe
(Bressolier et al. 1990).
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Fig. 43. Distribution of land uplift in the northern parts of the Baltic Sea area in
1989, after Kakkuri (Atlas of Finland 1990, folio 125: fig. 35b). Isobases are
drawn relative to mean sea level (mm/year). For further details, see text.
Beach drift is driven by winds, and in the Baltic it usually moves anticlockwise,
westwards on the Finnish coast of the Gulf of Finland and northwards on that of
the Gulf of Bothnia. Admittedly their speed is low (only 2 cm/s on average) and
they exist for only about 16 % of the time (Atlas of Finland 1986: folio 132: 3-4).
In addition, the shape of the bottom causes obvious vortices, often as wide as the
embayments. The beaches sheltered by headlands are reached by waves from
roughly the opposite direction from that prevailing on the windward side of a
headland (Yasso 1965; Jacobsen & Schwartz 1981: log-spiral beaches). This is
caused by wave refraction, and to lesser extent diffraction and reflection, and leads
to a movement of sediment towards the headland on its lee side. With time this will
give the beach an arcuate shape, concave with respect to the sea. Sand is deposited
in this way at Yyteri and Kalajoki, accumulating on the southern parts of these
beaches. The shallows and islands refract the waves and have an effect on the
beach drifts.
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Fig. 44. Annual averages of the tide gauge records (Merentutkimuslaitos 1995) for
Hanko and Oulu (upper diagrams; the values for Hanko are missing in 1940–42
and 1949, and those for Oulu in 1935–36 and 1938), and the ten-year running
means (lower diagrams; means of less than ten years are marked with broken
lines) as deviations from the theoretical mean sea level.
Waves can mould loose sand very effectively, and the amount of sediment in mo-
tion varies a lot according to the strength of the wind and waves. Constructive
spilling breakers predominate on gently sloping beaches, but the waves grow
higher during storms and may steepen to form destructive plunging breakers
(Chorley et al. 1984: 379; Uusinoka 1986: 56-57). If, in addition, the wind is piling
water against the beach, this may lead to considerable marine erosion and shifting
of foredune material to submerged bars and swash ridges (Keränen 1985: 45). The
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formation of successive parallel dune ridges may be caused by an alternation be-
tween destructive winter storms and constructive waves during calm summer peri-
ods, or by oscillations in sea level (Bird 1990: 21).
Wave energy correlates with wind force and duration, fetch and depth of water
(Klijn 1990b: 5). The waves regulate the sediment budget, the balance that depends
on the beach profile (Uusinoka 1986: 60–61) and material transport along a beach.
The movement of sand, gravel and pebbles on the coasts of SW Finland has been
studied by Pyökäri (1979; 1984; 1986), who notes that most of this transport takes
place during severe storms (Pyökäri 1984). The wider the fetch, the more material
is moving with beach drift or longshore drift (Pyökäri 1979: 114).
Continuous moulding by waves keeps the material loose and prevents the for-
mation of a binding vegetation cover. In addition, the plants suffer from the salt of
sea water and the severe microclimate of the shoreline. In the swash and spray
zone, however, the moisture and salts bind the sand grains together and reduce
aeolian transport (Knottnerus 1980; Nickling & Ecclestone 1981; Pye 1983: 532,
537–538). According to Sarre (1987: 163–164) the presence of organic material
increases the significance of moisture content as a sand binding factor. Since the
salinity of the surface water on the coasts of Hailuoto is less than 3 per mil and that
at Hanko about 6 per mil (Atlas of Finland 1986: folio 132: 7), salinity is not a sig-
nificant factor on the coasts of Finland, but other impurities in sea water can also
bind the sand grains together.
There is loose sand on the shores of the Baltic in spring, pushed up by the sea
ice. Ruz and Allard (1994) conclude that in the subarctic climate on Hudson Bay
the beach ridges formed by the autumn storms and the ice-foot that carries the sand
to the shore are the most important sources of sediment for niveo-aeolian accumu-
lations. The sea ice also carries sand onto the shores in Finland.
All the major dune coasts in Finland are associated with sandy shallows, and the
waves transport this material towards the shoreline in the form of submerged bars.
All the major dune fields are also connected to the open sea, providing a long fetch,
so that winds can blow freely onto these beaches. This is assisted by the fact that
most of the beaches open in the direction of the prevailing westerly winds, which
are sometimes also the most powerful. The exceptions are the northern shores of
the peninsulas of Tauvo and Letto. The shallows off the Tulliniemi beach, which
opens to the southwest, are narrow and the waves erode the shore. In spite of the
sea level rise, winds and waves can also deposit sand onto the beaches in the
Hanko Peninsula and the shoreline can prograde, e.g. at the tombolos of Vedagrun-
det and Henriksberg, which border onto broad shallows. Almost all the dune coasts
studied here are arcuate embayments that effectively trap the sediments. The only
clear exception is the fairly straight northern coast of the Tauvo Peninsula at the
mouth of the River Siikajoki.
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Sand
Availability of sand
One premise for the formation of coastal dunes is that there should be enough sand
suitable for aeolian transport. According to Aartolahti (1976: 88) the grain-size of
dune sand in Finland usually varies in the range 0.06–0.6 mm. Material that is finer
than this, silt or clay, does not move easily with the wind because of the strong co-
hesive forces between its small particles (Warren 1979: 328), or else it is washed
out to sea (Pyökäri 1979: 115; Uusinoka 1984: 103, 198) or transported further as a
suspension in the wind. Material that is coarser than this will move only in ex-
tremely high winds.
The amount of material suitable for aeolian transport, varies from beach to
beach. All the coastal dune fields of Finland are located in connection with glacio-
fluvial formations or sandy till areas. Most suitable esker material for dune forma-
tion is found on the sandstone deposits connected with the Satakunta and Muhos
formations (Atlas of Finland 1990: folio 123–124: 3, 24), and around the Bothnian
Bay. Thus dune fields are most frequent on these coasts. The material is trans-
ported and sorted by rivers, beach drifts and waves. Aeolian sand accumulates par-
ticularly on the slopes of eskers that are emerging from the sea (Okko 1949: 65;
Aartolahti 1976: 84), in shallow accumulation bays, at river mouths, on tombolos,
on spits and in the shelter of headlands (cf. Carter 1991: 30).
The small amount of sand suitable for aeolian transport limits the formation of
dunes on the coasts of Virolahti and the Hanko Peninsula (Lappohja, Syndalen,
Kolaviken, Tulliniemi) and at Padva and Koppana. All these shores are bordered
by a berm built by combined wave and wind action instead of a foredune. Land-
ward from this berm, a dry deflation surface is dotted by separate, low hummock
dunes. Higher dunes than those found on the present coast exist further away from
the shore in all these areas. On the southern coast of Finland at least a part of the
reason for the poor aeolian sand supply is the rate of shoreline displacement, which
has slowed down and reverted to a marine transgression. A steepened coastal slope
can have a similar effect. The foredune of Tulliniemi consists of aeolian material,
but nowadays the high waves are  eroding this fine sand. On the Koppana beach
the coarse material of the esker core limits the growth of dunes and results in the
formation of shield-like hummock dunes bound by dwarf shrubs. Coarse material
is also restricting aeolian activity in some of the other areas, e.g. Kolaviken. On the
rocky shores of Pietarsaari the grain-size of the sand is fine, but the small amount
of sand and the extent of trampling have prevented the formation of a continuous
foredune ridge.
After emerging from the sea, the porous sand dries out quickly and moves with
the wind. When the transporting wind encounters an obstacle, its transport capacity
weakens and the sand accumulates behind and around the obstacle. Lee dunes and
embryo dunes are formed on a shore in this way, often around boulders, pieces of
drift wood and plants. When the accumulation is caused by an abiotic obstacle, the
size of the dune is restricted by the size of the obstacle. A barren, loose sand sur-
face alone can also reduce the wind speed and cause more sand to accumulate. This
requires a sand surface 4-6 m wide in the direction of the wind (Bagnold 1941:
183, psammogenic genesis of dunes; Kuhlman 1958: 70, 1960: 72). Stengel (1992:
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219) has described a transition from sand veils to sand patches, barchan patches,
and laterally coalescent transverse sand shields. When the sand has started to ac-
cumulate, it affects the air flow and traps sand more and more effectively (King
1972: 424–426, 438), creating new secondary eddies (Warren 1979). In this way an
interrelation is formed between the wind and the soil surface, and the forms may
remain unchanged even under conditions of an irregular flow, creating their own
regular flow patterns (Embleton et al. 1979: 65). The height of the dune affects the
amount of accumulation (Sarre 1989), as the higher it is, the more effectively it can
trap sand.
Grain-size parameters and topography
The slope of a shore depends on the grain-size, usually being steeper, the coarser
the material is (Pyökäri 1979: 113). The slope at the base of a foredune is com-
pared with the foredune morphology and the median grain-size of material in Fig-
ure 45. In the upper picture the grain-size is the median value for the foredune ma-
terial, as the source material has an obvious effect on the characteristics of the dune
material. In the lower picture the grain-size is the median for the shore material
under the dunes. The grain-size of the swash-built berm material was not been used
in these diagrams, as it varies considerably with the power of the waves (e.g. the
waves at Tulliniemi have sometimes deposited fine sand and sometimes gravel).
The aeolian morphology of a coast varies along with the characteristics of the
waves. Carter (1988: table 6) defined limiting mean grain-sizes of > +2, +2–0 and
< 0 in phi-values, or < 0.25 mm, 0.25–1 mm and > 1 mm, for dissipative, interme-
diate and reflective coasts, respectively, with corresponding limiting values for the
shore slope of < 0.017, 0.017–0.05 and > 0.05. At the same time the surf zone be-
comes narrower and the waves change from constructive to destructive (spilling ->
plunging breakers). The wave characteristics are also affected by wind strength, sea
level and marine transgression or regression. The shore of Lappohja is not included
in the diagrams, as it is very steep (0.125) and eroded by waves. Earlier it also had
dune ridges (Md = 0.29 mm) on the upper part of the cut and built terrace.
The most important characteristics of a sand surface as far as aeolian transport
is concerned are its coarseness, cohesion and the grain-size of the material (Warren
1979: 325; Chapman 1990; on grain-size, see Bagnold 1941: 88; Sarre 1987: 173).
Though the median grain-size of dune material is usually between 0.15–0.35 mm
(Uusinoka 1984: 19), winds can also transport much coarser sand than this (Fig.
46). Mattila (1938: 15) found at Vattaja sand grains 2 mm in diameter attached to
the bark of trees at a height of 2 m above the soil surface. The amount of the aeo-
lian transport is also clearly affected by the sorting of the material (Bagnold 1941:
105–106). Dune sand is usually well or very well sorted.
84
Fig. 45. Relationships of the three types of foredune topography on the Finnish
coasts to grain-size (median values for the foredune and shore material) and slope
tangent under the foredunes. For further details, see text.
Grain-size parameters are regulated by sedimentation processes, grainfall, ava-
lanching and ripple migration. Grains that are 0.1-0.3 mm in diameter are most
easily transported by saltation in stormy winds, and these tend to form dunes.
Smaller grains than this are easily transported further in suspension, and coarser
grains usually move by rolling along the soil surface (Pye & Tsoar 1990: 101-102).
The wind does not sort the grain-sizes very effectively, because of turbulent flow
and the great variation in the characteristics of sand grains. Grains that are trans-
ported by saltation are deposited when the wind calms down or when they reach
the lee side of a stone or plant. When such grains bombard coarser ones and cause
reptation, impact ripple marks are formed, the wave length of which depends on
the wind speed (Seppälä & Lindé 1978).
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Fig. 46. A blowout wall near the headland of Herrainpäivät (Pori). A sand ava-
lanche has formed after over-steepening of the wall through sand deposition by a
strong wind. The ripple-marks consist of darker, coarser grains moving upwards.
Wind direction is from right to left (photographed on 26 July 1990).
Fig. 47. The leeward strata of this foredune in the middle part of Yyterinsannat
(Pori), with a dip of 20–250, are formed by blowover and niveo-aeolian accumula-
tion (photographed after prolonged rains on 7 July 1996).
The maximum angle of repose for dry dune sand is usually 34o (Uusinoka 1984:
195). If a dune slope is over-steepened because of accumulation, sand avalanches
are formed (Fig. 46). These usually occur on the leeward slopes of unvegetated
dunes. Coastal dunes are often dominated by low-angle crossbeds, and consist of
the steep foreset beds of the slipfaces (30–35o) and more tightly packed, more gen-
tly sloping (5–20o) beds of the windward slopes that are sometimes concave with a
general upward trend. In cold, humid climates, when snow accumulates between
the sand layers from time to time, the leeward slopes usually have a gradient of
only 14-18o (Fig. 47) or considerably less than the angle of repose for dry sand
(Steidtmann 1982). When the ground is frozen, sand grains can be loosened only
by sublimation or abrasion. Sand transport by saltation is very effective on a frozen
surface, however (McKenna-Neuman 1993: 148). In shadow dunes the two groups
of foreset laminae dip in opposite directions away from a median ridge (Pye &
Tsoar 1990: 237). Thus the internal structure of a dune depends greatly on its form,
which in turn reflects the influence of winds and the vegetation cover (Pye 1983:
545).
The sand samples sieved for the present purposes are listed in Appendix 2, and
a summary of the grain-size parameters is given in Table 3. The grain-size pa-
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rameters are somewhat interdependent. As the grain-size becomes smaller the ma-
terial becomes better sorted (correlation coefficient r = -0.61***), more leptokurtic
(r = 0.39***) and more negatively skewed (r = -0.52***). According to Borówka
(1990b: 297), an increase in wind velocity causes the standard deviation of wind
velocity to increase and leads to poorer sorting. As the sorting improves, the mate-
rial becomes more leptokurtic (r = -0.322**) and more negatively skewed (r = -
0.4***). There is no significant correlation between sorting and kurtosis (r =
0.038). (*** is a statistically significant difference at the probability level of 99.9
%, ** at the 99 % level and * at the 95 % level.)
Table 3. Summary of grain-size parameters for the sand samples.
Topography type
(number of samples)
Md (mm) So Sk
Average Range Average Range Average Range
Deflation surfaces
and shore deposits
(11)
0.34 0.15–0.79 1.40 1.15–1.69 1.08 0.83–1.45
Swash-built berms
(34)
0.29 0.17–0.59 1.26 1.07–1.83 1.02 0.80–1.50
Berms with thin aeo-
lian veneer (6)
0.24 0.16–0.40 1.29 1.19–1.52 1.06 0.98–1.10
Foredunes (28) 0.24 0.15–0.41 1.24 1.10–1.52 1.03 0.90–1.19
Hummock dunes (25) 0.30 0.17–0.56 1.31 1.14–1.64 1.05 0.94–1.20
Old transgressive
dunes (15)
0.36 0.24–0.48 1.37 1.18–1.67 1.05 0.88–1.27
Other old dunes* (7) 0.26 0.23–0.33 1.25 1.16–1.34 1.03 0.98–1.08
Cover sand (1) 0.19 1.21 1.10
*The dune ridge sample from the west coast of Virpiniemi is excluded because of its exceptionally
coarse material (Md = 0.52 mm).
The coarsest material was found on the deflation surfaces, which are enriched in
coarse lag deposits. The median grain-size of the samples from the deflation sur-
faces of Hietasärkät in Kalajoki is 0.8 mm, and the bases of the dunes and the
lower shore consist of quite coarse material in some areas, particularly at Koppana,
Hietasärkät and Padva. The coarsest aeolian material was found in the transgres-
sive dunes and separate hummock dunes located distally to the deflation surfaces.
Some coarse material from the deflation surfaces has been able to climb onto these
dunes by reptation, and to some extent by saltation during severe storms. Coarse
grains are also enriched by deflation on the crests and windward slopes of these
dunes. The most poorly sorted samples originate from the deflation surfaces, trans-
gressive dunes and hummock dunes of Vattaja and Hietasärkät, and the most posi-
tively skewed grain-size distributions were found in the last-mentioned deflation
surfaces. The glaciofluvial material of Padva is highly platykurtic.
The smallest median grain-sizes in the samples originated from the low, swash-
built berms on the western coast of Hailuoto (Md = 0.14–0.16 mm), the 20 cm high
embryo dune in the Karhuluoto area at Yyteri and the parallel dune ridges in the
southern part of Yyterinsannat, where the low berms and the embryo dune have
been formed by weak summer winds. In the southern part of Yyterinsannat and in
the Karhuluoto area there are broad shallows in front of the shore that weaken the
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power of the waves. Both of these shores have ample supplies of sand, which ac-
cumulates to form successive parallel ridges. The material of Ulkonokanhietikko,
at the mouth of the River Siikajoki at Tauvo, has a very small grain-size, and that
of Letto, which belongs to the delta of the River Kalajoki, is much finer than that
of the nearby Hietasärkät area. The material of the swash-built ridges is fine and
very well sorted, as is that of the foredunes of Ulkonokanhietikko, Letto and the
Karhuluoto area, the blowover strata of the northern part of Yyterinsannat and the
hummock dunes of the rocky shores at Vexala. The most negatively skewed grain-
size distributions were found in the material deposited by swash action (particu-
larly on the coastal plain of Marjaniemi) and in a dune ridge of the southern part of
Yyterinsannat. A highly leptokurtic grain-size distribution was found in beach ma-
terial from Marjaniemi, Padva and Pietarsaari and in a low hummock dune at Tul-
liniemi.
The grain-size of the material becomes smaller from the core parts of glacioflu-
vial formations towards the borders, and this can also be seen in aeolian material at
Vattaja and Hietasärkät. According to Alestalo (1971: 116), the Karhi dunes of
Vattaja consist of finer material than the Laakainperä dune, because the dune sand
in the Karhi area has apparently mixed with finer fractions of till worn loose by the
surf nearby. This is possible, but the finer material in eskers is normally transported
to the lower slopes and bordering parts at the time when the eskers are formed,
while later, as the esker emerges from the sea, the waves level out the esker and
sort the material further. Thus differences in the source material could explain the
observed differences in this case. The fact that the large, old transgressive dunes of
Vattaja are located on the core part of the esker does not exclude the possibility
that the coarser material in these dunes may be due to stronger winds at their time
of formation, as proposed by Aartolahti (1976: 91). The descriptions by Mattila
(1938) of stony pavements and aeolian transport support this idea. Anyway, the
source material does have an effect on the grain-size distribution of dune sand.
Heikkinen and Tikkanen (1987: 257) describe the material of the transgressive
dune of Tahkokorvanpakka as being finer in the southern part of the dune field be-
cause the primary esker material is finer there, further from the esker core. This can
also be seen in the samples collected for the present purpose from the windward
slope and crest of the transgressive dune.
Hailuoto is exceptional in that the material is finer to the south of Marjaniemi
than on the Pajuperä dune field even though the Marjaniemi dune field is located
nearer to the core of the glaciofluvial formation. The primary material on both
beaches is easily erodible sand (Md = 0.25 mm), which may have contributed to
the formation of the broad, flat shore. Similar broad, sandy and at times subaerial
flats border the shores of Letto (Kalajoki), the peninsula of Tauvo and the Karhu-
luoto area, the material of the latter being finer than elsewhere in Yyteri. This finer
material is obviously mixed with till from the surrounding headlands, as shown by
the abundant mica scales in these samples. The dune sample from Ulkonokanhi-
etikko (Tauvo) has 95 % of its sand grains smaller than 0.25 mm but larger than
0.125 mm (Md = 0.17 mm). This kind of material is highly erodible, which ex-
plains the alternating growth and disappearance of dunes in this area and the for-
mation of a broad coastal plain. The situation is about the same in the Letto area at
Kalajoki.
The grain-size of the sand strata on the beach of the Karhuluoto area varies
greatly, reflecting oscillations in wave power, and similar variation was clearly to
be seen in the berm of the Koppana beach. The material grades towards finer frac-
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tions in the direction of net shore drift due to the decreasing flow energy, and at the
same time the beach face becomes more gently sloping (Jacobsen & Schwartz
1981: 41). The beach sand at Yyterinsannat is coarsest in the middle part of the
arcuate beach (Fig. 13) and becomes finer to the north and south. It has become
coarser near the tombolo of Munakari as a result of storms, and the beach face has
become steeper. At Hietasärkät the material is again coarsest in the middle part of
the beach. At times of prevailing SW winds the waves refract around Keskuskari
and transport large amounts of material onto the southern part of the beach.
The material that has accumulated on the swash-built berms (distal slopes usu-
ally only 10 cm in height) is finer and better sorted and more leptokurtic and nega-
tively skewed than the other beach material. The finest-grained sample originates
from the sand flat of Marjaniemi and the coarsest from the finest sand layer of the
berm on the Koppana beach.
The coarsest sample from embryo dunes (Md = 0.31mm) originates from the
top of a cliff worn by waves at Hietasärkät, Kalajoki, and the finest (Md = 0.15)
from the Karhuluoto area at Yyteri. The grain-size distribution of this sample,
taken from a 20 cm high embryo dune ridge, was also the best sorted, the most
leptokurtic and highly negatively skewed. The whole of this sample is aeolian. The
poorest sorted sample representing an embryo dune originates from the upper limit
of the broad, fine-grained coastal flat at Marjaniemi. This material, found in a
chain of dune mounds, is coarser than that of the emerged sand flat and may in-
clude layers deposited by swash.
When the material is coarse and the beach profile is quite steep, wave action can
build a berm veneered with aeolian sand instead of a proper foredune. This has
happened at the upper limit of the beach face at Koppana, where the berm is 1.5 m
high and consists of quite coarse material (Md = 0.5 mm). The distal slope of this
ridge is only 20 cm high. Yrjänä Bay at Tauvo has a series of the 20 m wide ridges
separated by wet slacks and consisting of fine material (Md = 0.2 mm) deposited
by combined wave and wind action, whereas the parallel dune ridges in the south-
ern part of Yyterinsannat (Md = 0.18 mm) are largely formed of aeolian sand, but
the youngest ridge is washed by waves during severe storms, as shown by the
driftwood that has collected behind it. These dune ridges have grown higher as a
result of storms, but they may initially have been formed as settling lag ridges, as
they consist mainly of concentric internal bedding.
The dune ridges that consist of fine material are higher than those of coarse
material (1–2 m vs. 20–50 cm). A sample from the southern part of Yyterinsannat
is the best sorted, but also the most platykurtic. This shows that the energy of the
deposition agent has varied a lot and there have been storm waves at times. The
grain-size distribution of this sample is also highly negatively skewed, i.e. there are
more coarse grains than in a normal distribution. The poorest sorted sample repre-
senting the dune ridges originates from Kolaviken, the most leptokurtic from Padva
and the most symmetrical from Yrjänä. A sample from the youngest dune ridge of
Yrjänä at Tauvo (Md = 0.20 mm, Sd = 0.46, Sk = -0.08, KG = 0.91) does not differ
much from the foredune material of Haikaranhietikko (Md = 0.21 mm, Sd = 0.46,
Sk = -0.17, KG = 0.91). At the time of sampling, the crest of the Yrjänä dune ridge
rose more than a metre above sea level and was bound by Leymus arenarius and
Phragmites australis. These dune ridges are asymmetrical, their leeward slopes
being considerably steeper and shorter than the windward ones.
The grain-size of the foredune material seems to depend somewhat on that of
the original beach material (r = 0.48), but no significant correlation was found be-
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tween the sorting, skewness and kurtosis values of adjacent beach and dune sam-
ples. The foredune samples could be classified into three groups on the grounds of
median grain-size. One foredune of Vattajanhietikko consists of coarser material
than the others (Md = 0.41 mm), while an older parallel dune ridge is composed of
finer material (Md = 0.22 mm). This indicates that the amount of energy on the
open seashore has fluctuated. The ridge consisting of coarser material may also
include washover layers in which the material is only moderately sorted (the poor-
est sorted of the foredune samples). The finest-grained foredunes (Md = 0.15–0.19
mm) are the parallel dune ridges of the Karhuluoto area and the southern part of
Yyterinsannat, Ulkonokanhietikko (Tauvo), Marjaniemi (Hailuoto) and Letto (Ka-
lajoki),  the samples from all of which are negatively skewed. The median grain-
size of the foredunes is usually between 0.21–0.3 mm and the sand is very well
sorted, as there were only five samples in which it was moderately well sorted.
The sorting of the material usually improves from the beach to the foredunes,
but there are exceptions. The best sorted foredune sample was from Ulkonokanhi-
etikko. The beach sand samples are usually more negatively skewed than the dune
sand, with the exception of parallel dune ridges, which also include material laid
down by waves and again have negatively skewed grain-size distributions. There is
no statistically significant difference in skewness between the dune and beach ma-
terial, but the foredune material is finer (significant at the 99 % level) and better
sorted (at the 95 % level) than the beach sand. Mitra and Ahmed (1990) found on
the coasts of Bangladesh that the dune sands are finer, better sorted and more
negatively skewed than the beach material. Individual samples cannot be classified
as dune or beach material only on the grounds of grain-size parameters, however,
for as already mentioned, finer and better sorted material may accumulate on the
beach than that on the adjacent dunes through wave action at times of calm
weather. It has been concluded earlier (Shepard & Young 1961; Moiola & Weiser
1968; Tikkanen 1976; Simola 1979; Hellemaa 1980) that aeolian and beach mate-
rial cannot be identified only by grain-size parameters, nor was it possible with the
combinations of parameters used here, although the grain-size and sorting values of
dune material are clearly less variable than those of beach sand.
The grain-size distribution of the foredune sand is more mesokurtic than that of
the beach sand (Table 3), which varies from highly platykurtic (Kalajoki) to highly
leptokurtic (Marjaniemi), but there is no statistically significant difference between
these groups. The most leptokurtic foredune sample was from the Karhuluoto area
and the most platykurtic ones from Marjaniemi and the southern part of the Hie-
tasärkät dune field. The most positively skewed were the samples from the middle
and northern part of Yyterinsannat.
All the highest incipient foredunes (> 3 m) are located at sites where the shore-
line has remained unchanged for a long time or prograded seawards very slowly.
The median grain-size of all these dunes is 0.2–0.3 mm. The low parallel dune
ridges, consisting of finer material than this, are formed on quickly prograding
beaches.
The grain-size of the material in the separate hummock dunes varies greatly.
The coarsest material was found in the low hummocks (< 0.5 m) on the deflation
surface of Hietasärkät and the higher hummock dunes of Koppana, while the finest
material was  from the dune hummocks of the Karhuluoto area at Yyteri, the dune
fields of the Tauvo Peninsula and Marjaniemi. The hummock dunes usually consist
of moderately well sorted material, the grain-size distribution of which is symmet-
rical and mesokurtic. Sorting in the hummock dunes varies between moderately
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sorted (in the northern part of Hietasärkät and at Kolaviken in Hanko) and very
well sorted (the Karhuluoto area, the rocky shore of Vexala, Pietarsaari, and the
Tauvo Peninsula). A highly negatively skewed grain-size distribution was found in
the Marjaniemi dune field, which consists of fine material, and the most positively
skewed sample originated from a hummock on the distal slope of the First Salpaus-
selkä formation at Lappohja, consisting of quite coarse material. A highly lepto-
kurtic grain-size distribution was found in a hummock dune on the deflation sur-
face of Tulliniemi and a highly platykurtic one at Koppana. The sand in the hum-
mock dunes is significantly coarser (at the 99.9 % probability level) and less well
sorted (at the 99 % level) than that in the foredunes.
The coarseness of material at Koppana is due to the proximity of the esker core.
Though the swash-built ridges usually consist of quite fine material, a ridge of this
kind at Koppana included coarse layers and contained many more coarse grains
(5.2 % by weight of diameter over 1 mm) than the dune ridge on the beach face
(2.6 % > 1 mm; Md = 0.5 mm), the hummock dunes on the deflation surface (1.3
% > 1 mm; the deflation surface itself contains 22 % > 1 mm grains), or the older
hummock dunes covered by forest (1.4 % > 1 mm; Md = 0.56 mm). On the other
hand, the berm contains less fine grains than the hummock dunes (Fig. 48), from
which it can be concluded that the hummocks consist of aeolian material in spite of
its coarseness. Separate hummock dunes that consist of the same kind of material
(Md = 0.57 mm) are found further inland,  at least at Pohjankangas, where they are
again located on the core of a glaciofluvial esker (Hellemaa 1980: 65-73). All the
above-mentioned samples from Koppana were collected by puncturing different
parts of the formations in question and were analysed with a wider-spaced sieve
mesh interval than the other samples. For this reason they are not included in Ap-
pendix 2.
The coarsest sample from the transgressive dunes (Md = 0.48 mm; Table 3)
originates from the windward slope of Tahkokorvanpakka at Kalajoki and the fin-
est-grained one (Md = 0.31 mm) from the leeward slope of Tarkastajanpakka at
Vattaja, although the material of the parabolic dune at Virpiniemi in Haukipudas is
even finer (Md = 0.2 mm) and well sorted. The material of transgressive dunes is
usually only moderately well sorted and the grain-size distributions are symmetri-
cal and mesokurtic. The present transgressive dunes contain a very small amount of
fine grains, the proportion under 0.125 mm in diameter being 1.6 % at most (a
sample from the deeper layers of the Tahkokorvanpakka dune), while that of coarse
grains, over 2 mm in diameter, is also less than 1 %, although they can reach 8 %
by weight on the deflation surface of the windward slope. The material obtained
here from the windward slope and crest of Tahkokorvanpakka is slightly coarser
than that described by Heikkinen and Tikkanen (1987: 254), possibly because the
present samples were taken from higher up the windward slope, where the wind is
stronger and the influence of deflation is more obvious. Deflation and accretion
alternate on the windward slopes of dunes, which causes crossbedding. The mate-
rial in the transgressive dunes of Vattaja is almost as coarse as that in Tahkokor-
vanpakka, the coarse material of the deflation surfaces having been mixed with the
dune sand as the dune has moved. Heikkinen and Tikkanen (1987: 252) found a
bed of very coarse material (Mz = 0.55 mm) on the leeward slope of Tahkokorvan-
pakka and concluded that it was derived from the deflation surfaces and had been
deposited on the distal slope of the dune at times of gale-force winds. Aartolahti
(oral communication) has found the same kind of coarse bed in the stabilized slip-
face of the Viitapakka dune at Kalajoki. No beds of this degree of coarseness were
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found in the slipfaces at the present sites. In fact, comparison of the samples from
the windward and leeward slopes of the transgressive dunes suggests that the me-
dian grain-sizes of the slipfaces are even a little finer and more leptokurtic than
those of the windward slopes.
Fig. 48. Grain-size distributions of samples from the Tauvo Peninsula (Siikajoki)
and Koppana (Oulunsalo). The samples, from the finest (Md) to the coarsest,
originate from: (a) leeward slope of a dune at Ulkonokanhietikko, (b) an Em-
petrum hummock dune, (c) upper beach and (d) a berm at Haikaranhietikko, (e) a
beach ridge at Yrjänä and (f) a foredune at Haikaranhietikko. The material of Ul-
konokanhietikko is the finest-grained and best sorted. The grain-size distributions
of the hummock dune and the berm are negatively skewed. The Koppana samples
consist of coarser grains: (1) a stratum of fine sand in a berm, (2) a younger hum-
mock dune, and (3) an older hummock dune.
The material of the transgressive dunes is coarser and less well sorted than that of
the foredunes (differences significant at the 99.9 % level), the hummock dunes (MZ
at the 99 % level and Sd at the 95 % level) or the beach sand (at the 99.9 % and 99
% levels respectively), although this latter difference is simply due to the fact that
the coarse beach beds were not sampled. The timing of sampling obviously has a
similar effect, as the winds are weak in summer. The fact that the transgressive
dunes are no longer moving denotes that they may have been formed at a time
when the winds were more powerful than those prevailing nowadays.
The material in old stable or stabilizing dunes that have stayed in the place of
their formation is finer than that in transgressive dunes. The coarsest samples of
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this type originate from the west coast of Virpiniemi and the 3 m high dune at Lap-
pohja and the finest samples are from the southern part of Yyterinsannat. The me-
dian grain-size of all the preserved old dunes is 0.2 mm. These samples are well
sorted, and only those from Monäs and the southern part of Yyterinsannat are
moderately well sorted. The grain-size distributions of the older dunes are nega-
tively skewed or symmetrical and mesokurtic. Only one sample from Lappohja is
more leptokurtic. One lichen-covered dune ridge in the southern part of Yyterin-
sannat that has a highly negatively skewed grain-size distribution belongs to the
succession of parallel ridges mentioned earlier and obviously consists at least in
part of wave-accreted material.
The aeolian material at Yyteri does not include a very high proportion of grains
over 1 mm in diameter, and in some dune samples the proportion of grains over 0.5
mm is still under 0.5 %. On the other hand, the proportion of grains finer than
0.125 mm in diameter is usually less than 2 %. The proportion of fine material of
this kind in cover sand is 3 % and that in the parallel dune ridges in the southern
part of Yyterinsannat 4–5 %. The cover sand sample is well sorted, mesokurtic and
negatively skewed. One sample taken from the bottom of a deflation bowl proxi-
mal to the highest dune of Yyteri, the 20 m high Keisarinpankki, gave a median
grain size of 0.29 mm. This sample obviously consists of the old beach deposits at
the base of the dunes. It is moderately sorted, highly negatively skewed and meso-
kurtic. The material on the crest of Keisarinpankki is finer-grained (Md = 0.26
mm) and well sorted (Sd = 0.50), symmetrical and mesokurtic, while the sand of
the incipient foredune on the same transect is slightly coarser (Md = 0.27 mm),
well sorted (Sd = 0.39), positively skewed and mesokurtic.
A sand sample taken from the upper leeward slope of the higher arm of the
parabolic dune at Virpiniemi is slightly better sorted and less negatively skewed
(Md = 0.20 mm, Sd = 0.38, Sk = -0.18) than one taken from a regular beach ridge
located  seaward of it (Md = 0.20 mm, Sd = 0.40, Sk = -0.26). The parabolic dune
and beach ridges were formed before the Little Ice Age, during which period a
dune ridge about 2 m high accumulated on the west coast of Virpiniemi. This ridge
contains coarser, less well sorted, symmetrically distributed material (Md = 0.52
mm, Sd = 0.53, Sk = 0.089), which supports the idea that the prevailing winds
during the Little Ice Age were stronger than nowadays. The negative skewness of
the grain-size distributions in the beach ridges that consist of fine material suggests
that they were deposited by wave action. All these aeolian formations have accu-
mulated on the Runtelinharju end moraine (Koutaniemi 1986: 155).
At Vattajanhietikko and at Kalajoki the bases of the transgressive dunes lie 5–8
m above sea level, and in both areas the transgressive dunes have moved concur-
rently and originate from the Little Ice Age (Heikkinen & Tikkanen 1987: 263–
265). Many dunes lying further inland were activated at the same time, and many
other dunes began to accumulate on the coasts (Aartolahti 1976: 91). At Hailuoto,
Siikajoki, Monäs and Tulliniemi, for example, the bases of these old parabolic
dunes are about 5 m above sea level. Younger dunes than this have moved only a
little. The highest dune of Yyterinsannat also began to form during the Little Ice
Age, and its material is as fine as that of the incipient foredune in the same area, on
account of the fineness of the source material. The Keisarinpankki dune has not
notably moved from its original place, as shown by the fact that there is no
unbroken deflation surface on its proximal side but only some separate deflation
bowls, nor have any soil layers been found under the dune. The dune has simply
grown higher as the forest behind it has reduced the power of the winds. The
climatic conditions of the Little Ice Age obviously favoured the formation of
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of the Little Ice Age obviously favoured the formation of dunes. Cold climatic pe-
riods often have less rain. The subsequent warming, however, was evidently ac-
companied by strong winds and more frequent storms (cf. Fairbridge 1992), and it
was at this period that the dunes moved and broad deflation surfaces were formed.
Marrs and Gaylord (1982) suggest that wind velocity can be deduced from the
grain-size of dune sand, for which purpose one needs to know the minimum and
maximum prevalent grain-sizes, obtainable from the positions of natural breaks in
the size distribution curves. In addition, the modal grain-size is used. These values
are more or less constant for coastal dune fields where both younger and older
dunes occur and have remained immobile (the minimum grain-size is everywhere
0.125 mm, the maximum 0.56 mm and the modal grain-size for incipient foredunes
between Hanko and Kalajoki is 0.25 mm and that for stabilized dunes 0.23 mm).
The grain-size values for the transgressive dunes of Vattaja and Kalajoki are
coarser, however (minimum 0.129 mm, maximum 0.96 mm, modal 0.297 mm at
Vattaja and 0.42 mm at Kalajoki). Accordingly the winds seem to have been about
the same at the time of older dune formation as they are nowadays, except at Vat-
taja and Kalajoki. The modal grain-size of the foredunes on the bathing beach of
Vattaja and the northern part of Hietasärkät at Kalajoki is 0.297 mm, which can be
attributed to the coarseness of the source material and the location of these sites on
open headlands. The correlation coefficient between adjacent samples taken from
aeolian material and source material on all these beaches is 0.90**. The crest of the
transgressive Tahkokorvanpakka dune at Kalajoki reaches almost 20 m above the
open beach in places, which may partly explain the higher wind velocity and
coarser grain-size. Judging from this, the winds at the time when the transgressive
dunes were formed were not notably stronger than nowadays, in spite of the
coarseness of the material.
Chemical characteristics of the material
The bedrock of Finland consists mainly of granite, gneiss and other acidic rocks,
and the major part of the sand in the coastal dunes is composed of resistant quartz
and feldspar. As a consequence the dunes are barren, acid habitats. Sand containing
more nutrients was found only at Padva (Table 4), and even there the calcium is
quickly leached away from the upper horizons. All the samples of material from
Padva were taken less than 30 m away from the shoreline. The highest pH value
measured here, 6.7, was for the beach sand of Padva, and the calcium content of
the beach face, covered by Honkenya peploides, was as high as 500 mg/l. This
sample also included abundant remnants of algae. The calcium content of the ve-
neered beach ridge, covered by Elytrigia repens, Galium verum, Artemisia vulgaris
and Tortula ruralis, on the distal slope is lower, 400 mg/l (pH 6.4), and again this
sand contains a lot of organic debris, but that of the deflation surface, characterized
by Festuca ovina and Arctostaphylos uva-ursi, is only 200 mg/l (pH 5.8). The
amounts of potassium and manganese are also unusually high in the sand of Padva,
and correspondingly decrease within a distance of less than 20 m (K: 90 -> 30
mg/l; Mg: 50 -> 15 mg/l), along with the phosphorous content.
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Table 4. Summary of the soil samples. The lower figures (in parentheses) are aver-
ages.
Samples:
succes-
sional stage
(number of
samples)
and vege-
tation cover
Dis-
tance-
from
water
line
(m)
Height
above
sea
level
(m)
pH Ca
(mg/l)
P
(mg/l)
K
(mg/l)
Mg
(mg/l)
Organic
material*1
*
2
 Padva
(3) Honk-
enya, Ely-
mus, Fes-
tuca
7–30 0.2–1 5.8–6.7 200–
500
1.9–3.1 30–90 15–50 2
Embryo
dunes (5)
Honkenya
Leymus
12–55 < 2 6.2–6.6
(6.4)
25 1.0–6.3
(2.9)
20–50
(28.0)
10–35
(22.0)
0
Incipient
foredunes
(6) Leymus
18–78 1–6 5.9–6.4
(6.2)
25 0.3–2.9
(1.5)
10–30
(18.3)
10–25
(17.5)
0
Foredunes
(4) Leymus,
Festuca,
Hieracium
25–50 2–4 5.4–5.9
(5.6)
25 0.8–2.3
(1.4)
10–20
(15.0)
5–15
(11.3)
0
Intermedi-
ate dunes
(4) sterile
Leymus,
Hieracium,
Ceratodon
75–130 1.5–9 5.5–5.8
(5.7)
25 1.4–4.6
(2.6)
10–20
(12.5)
5–10
(7.5)
1
Undulating
dune
meadow (4)
Festuca,
Deschamp-
sia
62–220 2–4 5.5–5.7
(5.6)
25 2.0–2.9
(2.5)
10 5–10
(8.8)
1
Old defla-
tion surface
with moss
cover (4)
Poly-
trichum,
Racomi-
trium
70–155 1–3 5.2–5.4
(5.3)
25 0.2–1.8
(1.1)
10–12
(10.5)
5–20
(10)
1
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Hummock
dunes (4)
Empetrum,
Salix
55–190 2–4 5.4–5.7
(5.6)
25 0.7–1.9
(1.3)
10–20
(16.0)
5–20
(11.3)
2
Old dunes
(3) Leymus,
Festuca,
Deschamp-
sia, Em-
petrum
220–
420
5–20 5.4–5.5
(5.5)
25 0.5–2.0
(1.2)
10 5–10
(6.7)
1
Dunes with
forest cover
(1) Pinus
430 17 5.0 25 2.3 20 15 2
*
1
 Amount of organic material: 0 = none, 1 = a little, 2 = some, 3 = abundant.
*
2 
 The Padva samples are not included in the other values for this Table.
The soil becomes poorer and more acid as the sand is leached by rains and nour-
ishment with new material decreases further from the beach (Lundberg 1987). Nu-
trients are poorly absorbed by sand and silt. In the zone where the lyme-grass of
the foredunes is sterile the pH of the soil is below 5.9. Fertile lyme-grass is found
growing on the hummock dunes (pH 5.8) and the transgressive dune ridge (pH 5.4)
at Kalajoki, although admittedly it is shorter and sparser than that on the foredunes.
The mobility of the sand also affects the ecological succession, the hummock
dunes, which trap sand, have a higher pH than the surrounding deflation surfaces,
which are partly covered by mosses.
As the acidity of the soil increases, phosphorous dissolves from the mineral
material contained in it, although the amount of phosphorous is still quite small in
the hummock and transgressive dunes located further from the beach. These for-
mations are uncovered and fairly open sites, and effectively leached. At Monäs the
amount of phosphorous is higher in the moss-covered forested deflation surface
than in the bare sand surface of an older dune. The phosphorous content is usually
quite low under a continuous moss carpet, and it is possible that the mosses absorb
phosphorous, although another explanation could be that the moss carpet does not
prevent leaching of the underlying sand at all. These areas do not receive any new,
nutrient-rich sand. The grasses in the herb layer are replaced by dwarf shrubs as the
amount of phosphorous present decreases.
The other plant nutrients analyzed, potassium (K) and manganese (Mg), also
decrease in concentration with time as nourishment with new sand diminishes,
usually accompanying an increase in the distance from the shoreline. When the
shoreline remains in place, the influence of leaching can already be clearly seen on
the leeward slope of the foredune. It seems that potassium and manganese are re-
leased into the soil as organic material and humic acids increase and the sand
grains become weathered.
Water repellency of the sand surface
The coarsest aeolian material is found in connection with the coarsest glaciofluvial
source material on the Hanko Peninsula and at Vattaja Cape, Kalajoki and Kop-
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pana. All these shores rise steeply from the sea, and as a result the deflation sur-
faces are dry. Water percolates easily through the coarse sand and the capillar rise
from the groundwater table is not as pronounced as it is in silt.
The dampness of a sand surface is affected by its height above sea level, grain-
size, vegetation cover, amount of organic material and exposure. Six sand samples
collected from Yyteri less than an hour after a light shower of rain (1 mm) gave an
average water content for the surface layer in the foredunes of 0.1 %. The interme-
diate dunes with sterile lyme-grass, which are eroding and partly covered by
mosses, had a water content of 2.5 %. The average proportions of organic material
were 0.2 % in the foredunes and 0.5 % in the intermediate dunes. The situation
may be opposite during a shower of rain, of course, so that a foredune sample taken
in the rain had a water content of 5.2 % (organic material 0.3 %) and one from an
intermediate dune 4.9 % (organic material 0.4 %).
Water repellency increases with the amount of organic material (Table 5). A
soil is considered water repellent if the water drop penetration time exceeds 5 sec-
onds. Dry and acid soils are water repellent, and some humic acids obviously re-
duce water penetration (Dekker & Jungerius 1990: 174).
In the case of the soil samples from the foredunes of Yyteri the water drops al-
ways penetrated the smoothed surfaces of air-dry sand immediately, but the sam-
ples taken from the zone of sterile lyme-grass showed great variation according to
the presence of clods bound by fungal hyphae in the samples. Fungal proliferation,
which increases leeward from the incipient foredunes, seems to promote water ero-
sion and accelerate the smoothing and lowering of dunes. The water drops per-
sisted for some time on the top of all the samples taken from the bare sand surface
of the windward slope of Keisarinpankki, and if the sample was tilted the drops
would roll along its surface. It can be concluded from this that water erosion is ex-
tremely significant on the bare sand surfaces of old dunes, as the water does not
penetrate into the dry sand. On slopes this leads to the formation of rills and sand-
flow tongues. These are not found on the slopes of mobile dunes, however, as the
mobility of sand prevents the accumulation of hydrophobic organic materials. In
spite of the small number of samples, there is an obvious difference between those
taken from the windward slopes of Keisarinpankki and those from the slopes of
foredunes. This experiment was repeated, with same results. One sample taken
from the deeper layers of an intermediate dune contained less organic material and
was immediately penetrated by the water drops. The uppermost soil layer is the
most water repellent, while the deeper layers of sand are more wettable as they
contain a smaller amount of organic material (Dekker & Jungerius 1990).
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Table 5. Water repellency, pH and organic content of 19 sand samples collected
from the dune fields of Yyteri. The following classes were distinguished for the
water drop penetration time (WDPT) after Dekker & Jungerius (1990: 176): wet-
table, non-water repellent (<5 s), slightly (5–60 s), markedly (60–600 s), severely
(600–3600 s) and extremely water repellent (>3600 s).
Median values for WDPT on a smoothed
air-dry sand surface. Number of samples in
each class.
pH Organic con-
tent % (range)
Topography and
successional
stage (number
of samples),
vegetation
cover
<5 s 5–60 s 60–600 s >600 s
Foredune sur-
faces (7), Ley-
mus
7 0 0 0 6.4 0.25
(0.21–0.27)
Intermediate
dune surfaces
(7), sterile Ley-
mus, fungal
hyphae
2 3 1 1 5.7 0.48
(0.42–0.62)
Old hummock
dune, a deeper
layer (1)
1 0 0 0 5.5 0.33
Old, high dune
(4), bare sand
surfaces of
Keisarinpankki
0 0 3 1 5.5 0.56
(0.54–0.58)
Not all differences in water repellency between the samples can be explained by
differences in the amounts of organic material, however. One sample from an in-
termediate dune contained more plant debris and fungal hyphae than one from
Keisarinpankki and yet it was penetrated more quickly by the water. This was not
due to the grain-size, either, as the material of the intermediate dune is slightly
finer (Md = 0.20 mm) than that of Keisarinpankki (Md = 0.26 mm). Water repel-
lency is affected also by the acidity and weathering of the sand. The sample from
Keisarinpankki is more acid, and the sand of this older dune seems when viewed
under a microscope to contain more very small particles, both organic and mineral
material. Rhizomes and fungal hyphae, without cell walls, are also to be seen.
These fine particles, which may clog the pores between the sand grains, may have
been transported onto the old dune in suspension, to form allochthonous cover
sand. On the other hand, weathering caused by frost and humic acids yields fine
material and can even break up quartz grains (Pye & Tsoar 1990: 259–260). Water
repellency may likewise be affected by brown iron crust, which adheres to the sand
grains, but there was no significant difference in this respect between the samples
from the intermediate dunes and those from Keisarinpankki.
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Soil formation seems to affect water repellency, and also the amount of over-
land flow (cf. Brooks & Richards 1993). The influence of water erosion can be
seen clearly in the field, in the form of sand terraces of varying sizes that have ac-
cumulated on the upper sides of the plant tufts. Fine material has also accumulated
on the surfaces of the dune slacks.
Vegetation cover
Dune plants
The formation of coastal dunes necessitates that the vegetation cover should be
sparse or absent for at least a part of the year, as the plants bind the soil surface and
the stems reduce the power of the winds (Chepil & Woodruff 1963). In Finland the
shortness of the growing season limits plant growth and their capacity for binding
the sand surface. It is hard for plants to spread over loose, dry, barren sand sur-
faces, which may be lethally hot in the sunshine. On dune coasts the plants also
have to cope with the drying and tearing action of the wind, abrasion and burial in
sand. Seedlings of most species could not survive complete burial, while erosion
causes most plants to die on account of dessication of their roots (Maun 1994). In
addition, the wind blows the seeds away from the open sand surfaces and thus hin-
ders the spread of a vegetation cover. The mobility of the sand clearly regulates the
range of plant species (Moreno-Casasola 1986).
Even a sparse vegetation cover will weaken the power of wind, shelter the
ground surface and trap sand grains (Wolfe & Nickling 1993). Dune plants are xe-
romorphic, i.e. they have adapted to tolerating dryness. They have long roots that
reach down to the lower, humid sand layers, and their stems can survive bending
by the wind. The leaves of many dune plants, such as Ammophila arenaria, are in
different positions during dry and humid periods, while the leaves and stems of
Leymus arenarius, the main dune grass in Finland, have a wax cover that reduces
transpiration and gives the plants their characteristic bluish green colour. Vegeta-
tive reproduction through roots and rhizomes is very effective in dune plants, and
after burial in sand they can form adventitious roots and negative geotropic roots
extending into the new sand layers (Lemberg 1933: 116–117; Alestalo 1971: 44).
Mycorrhizal fungi play a key role in the nutrition of coastal dune species (Rozema
et al. 1986), and the root systems act together with fungal hyphae to bind the sand
grains together.
Real dune plants not only tolerate burial in sand, but demand it in order to retain
their vitality (Warren 1979: 348), so that their growth follows the annual accumu-
lation of sand. Pioneer species such as Elymus farctus, Leymus arenarius and Am-
mophila arenaria can withstand a yearly accumulation of 0.6 m of sand at the most
(Ranwell 1972), but begin to degenerate if the accumulation of sand comes to an
end. If the dunes are not rapidly invaded by ecologically different plants, an attack
by wind and water erosion may destroy the dunes at this stage (Daubenmire 1968:
123).
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The species that occur on all or almost all coastal dune fields in Finland are
Leymus arenarius, Honkenya peploides, Hieracium umbellatum, Rumex acetosella,
Deschampsia flexuosa, Empetrum hermaphroditum, Ceratodon purpureus, Poly-
trichum piliferum, Cladina rangiferina and C. arbuscula. Juniperus communis,
Salix phylicifolia, S. repens, Arctostaphylos uva-ursi, Festuca ovina, F. rubra,
Agrostis stolonifera, Calamagrostis stricta, C. epigejos, Juncus balticus, Lathyrus
japonicus, Polytrichum juniperinum, Racomitrium canescens, with the Cetraria,
Stereocaulon (S. paschale and S. tomentosum) and Cladonia lichens are very
common, too. The most common trees on the coastal dune fields are Pinus sylves-
tris, Alnus incana, Betula pubescens and Sorbus aucuparia, in this order. Plants
frequently to be found at the forest edge, often on the leeward slopes of dunes, in-
clude Vaccinium vitis-idaea, Maianthemum bifolium, Trientalis europaea, Di-
cranum polysetum, D. scoparium and Pleurozium schreberi.
The flora of the coastal dune fields varies in accordance with the vegetational
zones of Finland (Ahti et al. 1968; Kalliola 1973: 180–188). Cakile maritima
seems to be absent from the northernmost coasts, and Thymus serpyllum, Galium
verum and Rumex crispus have a clearly southern distribution pattern in that they
occur as far north as Yyteri. Elymus repens and Taraxacum spp. are found  from
Padva southwards. Ammophila arenaria and Viola canina occur only on the steep
sandy slope of Lappohja, and some species such as Festuca polesica, Carex are-
naria, Coelocaulon aculeatum and Cetraria islandica ssp. crispiformis are found
only on the Hanko Peninsula. Thus the flora of the south coast of Finland differs
significantly from that of the other coasts, the most divergent being the flora of the
Hanko Peninsula. The soil at Padva contains more nutrients than the other shores
studied, and some calcareous species are found there. Festuca polesica replaces the
other Festuca species on the Hanko Peninsula, while elsewhere F. rubra seems to
thrive better than F. ovina in soils of finer grain-sizes which have a better water
absorbing capacity.
Juncus balticus is more common from Pietarsaari northwards than in the south,
and Salix repens is also more common in the north, as there are more suitable
moist habitats for it there. Vaccinium uliginosum grows on dry sandy soils north of
Vattaja, and so does Ledum palustre, on Hailuoto and at Virpiniemi. The climate is
more humid in the north because of the lower evaporation rate. Drosera rotundifo-
lia and Gymnocolea inflata are mire species that also occur in damp depressions on
the Yyteri dune field, where the acid sandy soil seems to provide a suitably poor
habitat for them.
Cetraria nivalis also occurs in Yyteri. It is a characteristic species of northern
oligotrophic heaths and is found infrequently in the south of Finland in dry lichen-
rich forests and in the central parts of raised bogs (Ahti 1981: 21). Empetrum also
occurs on both fells and peat bogs. The coastal subspecies, Empetrum hermaphro-
ditum, similarly has a northern distribution pattern. In addition, the birches of the
coastal dune fields have multiple, contorted stems and in this way resemble the
mountain birch. The drying effect of the sun and winds is obvious both on the fells
of Lapland and on the coastal dunes. In both kinds of habitat the wind blows the
sheltering snow cover away in the winter. Thus the open, unprotected nature of the
habitat itself affects the flora and the appearance of the plants.
The list of the 42 main dune plants in Finland published by Lemberg (1933:
133) does not include Deschampsia flexuosa or the Cladonia subgenus Cladonia
lichens, but there are species such as Lecidea uliginosa, Cladina stellaris (which is
more common in the north) and many southern species such as Salsola kali, Am-
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mophila arenaria and Festuca polesica. There are also some species characteristic
of damp seashore meadows (Carex nigra and Puccinellia distans ssp. borealis).
The coasts studied here are located in a more limited area than those studied by
Lemberg, as Karelia and the islands of the Gulf of Finland are excluded and the
material is restricted to shores on which aeolian processes are active.
As a result of the ecological succession, vegetation zones are formed which run
parallel to the shore, the succession on the dunes differing from that on the slacks
between them or the deflation flats. The succession also depends on the exposure
and differs between the windward and leeward slopes of the dunes (Daubenmire
1968: 125). Wind and water deposit organic debris and seeds on the lower parts of
the leeward slopes, where the microclimate and soil humidity also favour plant
growth. Salix bushes occur often in the lee of the foredune, which increases the
accumulation of organic material on the leeward slopes.
The swash continuously brings new sand to a beach, containing nutrients such
as nitrogen, calcium and salts. The substrate becomes poorer and more acid as the
mobility of the sand is reduced and the material is leached by rain water (Dauben-
mire 1968: 197; Lundberg 1987). At this phase the dune grasses are still present
and the ground is covered by mosses and lichens. Lichens do not grow on moving
sand. The dunes become greyish in colour and the first saplings of trees appear in
the lee of the dune ridges. There is often a deflation surface, a windy heath with
small, separate hummock dunes, between the foredunes and the forest edge. The
old, large transgressive dunes which were still moving actively at the beginning of
this century are located behind deflation surfaces, and even in the middle of the
forest there are often open, sandy surfaces on the windward dune slopes, showing
how difficult it is for vegetation to spread over such surfaces and how vulnerable
the vegetative cover on dunes is.
Effect of plant species on the dune topography
Phytogenic dunes grow together with the plants, and often move slowly with the
wind. The wind tears and dries the plants on windward slopes, and at the same time
growth on the leeward slopes is stimulated by sand accretion. An embryo dune that
is bound by a single plant grows until the plant dies and the sand is transported
away by the wind. The manner of growth also affects the dune topography. If the
plant grows rapidly upwards, the dune will also grow higher, e.g. dune ridges
bound by lyme-grass, while if the plant grows out laterally, the dune will be low
and broad in shape (Daubenmire 1968: 123). In this way the flora and its vitality
can affect the morphology of dunes.
Honkenya peploides is a low herb, but is relatively tolerant of burial in sand,
spreads laterally and binds sand effectively. It binds shield-like embryo dunes on
the beach and small terrace-like dunes on the windward slopes of foredunes. Small
shadow or lee dunes can be formed, which become elongated in the direction of the
wind in the lee of individual seedlings of Honkenya. Similar forms are also caused
by Agrostis stolonifera, Calamagrostis stricta, Festuca rubra and stones on the
beaches. Densely growing stems of Juncus balticus form higher, elongated mounds
(Fig. 49).
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Fig. 49. Low, elongated Juncus balticus dunes at Letto in Kalajoki in July 1987.
Besides accumulations and windward sand ramps, semipermeable obstacles have
caused the formation of pits behind the plants by wind vortexes. Wind direction is
from right to left.
Seedlings of lyme-grass (Leymus arenarius) are often to be seen growing in a row
on a berm parallel to the shoreline, the swash having accumulated the seeds on the
beach together with other material. The seedlings form a semipermeable obstruc-
tion which causes precipitation of sand grains. The base of a foredune accumulates
in this way (Fig. 18). If the sand supply is abundant, both the lyme-grass and the
dune will grow rapidly in height, preventing the sand from being transported fur-
ther inland. The lyme-grass community becomes continuous and denser as new
shoots grow up from the sand-binding rhizomes. The individual lyme-grass tufts
may bind the sand into hummock dunes, which cause turbulence in the air flow
(Fig. 50).
Fig. 50. A horseshoe-like vortex has formed a wind channel around this lyme-grass
tuft in the Herrainpäivät area (Pori), photographed in July 1990. Wind direction is
from left to right.
Festuca ovina grows in dense tufts and binds low, only slowly growing shield-like
hummock dunes. The largest Festuca hummock dune found here is situated on the
gentle windward slope of the Vonganpakka dune in Vattaja. This round hummock
is about 4 m in diameter and 0.5 m high. Even Polytrichum mosses can bind sand
to form low, very gently rising mounds. The largest shield-like moss mound found
on the present shores is 2 m in diameter but only 10 cm high. The most conspicu-
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ous and most frequent forms bound by mosses are table-like erosion remnants that
have been left when deflation has lowered the level of the surrounding ground (Fig.
51). The plant cover of these remnants binds sand transported by the wind and in
this way they can grow higher (cf. Thorarinsson et al. 1959: 168-169; Seppälä
1974: 218).
Fig. 51. The flat top of this table-like erosion remnant is bound mainly by mosses,
Honkenya is growing in the loose sand of the slopes in July 1987. The windward
slope of the Keisarinpankki dune (Yyterinsannat, Pori) is in the background.
Empetrum hermaphroditum is a dwarf shrub which grows slowly in small patches.
It does not have underground rhizomes, but spreads laterally as shoots buried by
the sand take root and break away. Empetrum binds shield-like hummock dunes
(Fig. 38). The profiles of the larger hummocks are symmetrical, or else the wind-
ward slopes are longer and more gentle than the leeward slopes. Empetrum be-
comes more frequent on old dune ridges as the lyme-grass dies away. Erosion
forms bound by Empetrum often rise quite steeply from the surrounding wind-
eroded sand surface (in Fig. 36 the windward slopes have been steepened by defla-
tion).
Hummock dunes bound by Salix repens are always low (10–30 cm) and shield-
like. They usually rise up as spots of more bare sand from damp, moss-covered
surfaces. The higher Salix bushes bind higher, roundish hummocks. Sand also ac-
cumulates around Juniperus communis bushes, and tree trunks on dune fields are
often encircled by a low sandy mound. The forested dune hills of Vattaja and Ka-
lajoki can be regarded as dunes bound by trees. Bird-cherry trees (Prunus padus)
and lingering or dead pines are often buried in deep sand.
Statistical analysis of the vegetation cover
Principal Components Analysis was used to find indicator species that account for
most of the variance in the vegetation data (186 sample plots). Meanwhile all the
species which were significantly intercorrelated were dropped out. In this way the
indicator species selected for damp surfaces is Salix repens and not Juncus balticus
or Cephaloziella divaricata, for example. Thirteen indicator species were left with-
out any significant intercorrelation, after which those species were excluded which
occurred only in a few plots. In this way Festuca polesica, the indicator species for
a southern plant community, was left out of the analysis at first. After this the
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whole vegetation data were processed by Cluster Analysis, using the indicator spe-
cies as a basis for the clustering. A hierarchical dendrogram was used to determine
the number of clusters. With five clusters only the dampest and the most forested
plots were clearly distinguishable, but the use of more clusters enabled 21 plant
communities to be defined, the distributions of which are compared below with the
a priori classification based on the geomorphology and vegetation cover.
The Leymus arenarius communities can be divided into the relatively pure
Leymus stands of the foredunes and the more widely spaced Ceratodon – Leymus
cover of the intermediate dunes. A purer, thicker Honkenya carpet can be separated
from the Honkenya – Leymus communities of beach ridges and foredunes. Des-
champsia flexuosa meadows occur on dry deflation surfaces and both the more
widely spaced association of Deschampsia – Honkenya – Ceratodon and the denser
Deschampsia – Ceratodon association occur on the windward slopes of older
dunes. The Festuca ovina – Leymus community can be divided into a sparser type
on dry deflation surfaces and intermediate dunes and a denser type that binds
hummock dunes. A Deschampsia – Empetrum – Festuca ovina community is also
found on dry deflation surfaces. The intermediate ‘grey’ dunes are characterized by
a Ceratodon – Cladina community. Empetrum – Ceratodon heaths can be divided
into an Empetrum association of dry, sandy deflation surfaces with hummock
dunes and an Empetrum – Salix repens association of damper surfaces. Really
damp surfaces are characterized by a Salix repens – Ceratodon community. A
more lichen-rich Cladina – Empetrum community can be distinguished from the
Empetrum – Cladina – Pleurozium community of the forest edges. An Empetrum –
Pleurozium community is also found at the forest edges and on the leeward slopes
of old dunes, and a Pleurozium – Deschampsia community is frequent there, too.
When Festuca polesica is added to the clustering, the southern dry dune meadows,
of which it is characteristic, emerge as a separate cluster. The Lathyrus japonicus
and Agrostis stolonifera communities of beaches and dune slacks can also be rec-
ognized as distinct clusters, as can the thick Calamagrostis epigejos communities
that occur on some windward slopes of old dunes.
The whole set of vegetation data was compared with the a priori classification
using Discriminant Analysis. The plots representing sand flats, the upper beach,
beach ridges with a thin aeolian veneer and foredunes were clearly distinguishable
as groups of their own (Fig. 52 and Table 6: sample set A). The vegetation cover of
the foredunes can also be divided from that of the intermediate dunes and dune
slacks, but the latter two cannot be separated from each other. The abundance of
Leymus arenarius is a sufficient distinguishing factor (Table 6: sample set B). In
the same way the intermediate dunes cannot be clearly separated from the hum-
mock dunes or dry deflation surfaces. The plots representing dry and damp defla-
tion surfaces partly overlap, although the extreme cases can be clearly separated
(Table 6: sample set C). The thicker vegetation cover on the hummock dunes dif-
fers significantly from that of the surrounding deflation surfaces. The vegetation on
the foredunes, the intermediate dunes and the windward slopes of stabilizing old
dunes forms a continuum in which the plant communities grade from one to an-
other with a decreasing abundance of lyme-grass (Table 6: sample set D). The
windward slopes of some old dunes where aeolian processes have remained active
for a long time form the only exceptions in this continuum (Fig. 53). These plant
communities are clearly distinguishable from the flora of the forest edge and the
leeward slopes of old dunes, which in turn do not differ significantly from each
other.
104
Fig. 52. A plot of discriminant functions. The floras of sample plots (n = 50) can be
separated in accordance with an a priori classification into 1) sand flats of the
lower beaches, 2) upper beaches, 3) beach ridges with aeolian veneer and 4) fore-
dunes. The discriminant functions are formed by linear combinations of independ-
ent variables (cover % by plant species), multiplying each independent variable by
its corresponding weight and adding the products together (STATGRAPHICS
1995: 5). The independent variables that account for most of the differences are
Agrostis, Leymus, Hieracium, Galium and Lathyrus.
Table 6. Discriminant Analysis summary comparing the vegetation sample sets (A–
D) with an a priori classification. The sample sets are: A) sand flats of the lower
beach, upper beaches, beach ridges with aeolian veneer and foredunes (n = 50);
B) beach ridges with aeolian veneer, foredunes, intermediate dunes and dune
slacks (n = 62); C) intermediate dunes, hummock dunes and dry and damp defla-
tion surfaces (n = 92); D) foredunes, intermediate dunes, forest edges and wind-
ward and leeward slopes of old dunes (n = 78). Variables for the functions are se-
lected by stepwise regression from the whole set of vegetation data.
First functions
for sample sets
Eigenvalue Relative
percentage
Chi-square DF P-value
A 1st 3.272 63.61 118.97 15 0.0000
A 2nd 1.531 29.77 54.35 8 0.0000
A 3rd 0.340 6.61 13.03 3 0.0046
B 1st 1.377 100.00 50.64 3 0.0000
C 1st 0.987 62.85 103.37 12 0.0000
C 2nd 0.425 27.06 43.61 6 0.0000
C 3rd 0.158 10.08 12.79 2 0.0017
D 1st 6.535 87.86 198.39 12 0.0000
D 2nd 0.763 10.26 50.96 6 0.0000
D 3rd 0.140 1.88 9.56 2 0.0084
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Fig. 53. A plot of discriminant functions (n = 78). The floras of 4) foredunes, 5)
intermediate dunes, 10) forest edge, and 11) windward and 12) leeward slopes of
old, partly forested dunes form a continuum in which the exceptions are a few old
dunes which have remained active for a long time. The most useful independent
variables for this classification are Leymus, Pleurozium and Pinus.
Fig. 54. A plot of discriminant functions (n = 118). Ordination of the coastal floras
of sample plots in accordance with the vegetational zones of Kalliola (1973: 186):
1) Gulf of Finland, 2) SW archipelago (including the Hanko Peninsula), 3) Both-
nian Sea, 4) the Quark, and 5) southern and 6) northern Bothnian Bay. The most
useful independent variables for this classification are Festuca polesica, F. ovina
and Elymus. For the first function: eigenvalue = 0.762, relative % = 80.90, chi-
square = 82.39, D.F. = 15, P-value = 0.0000).
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Table 7. Correlation matrix (Pearson product-moment correlation coefficient) for
environmental variables. Abbreviations for the variables: DIST = distance from
water line (m), HEIG = height above sea level (m), pH = soil pH, Md and Sd =
mean diameter and sorting of sand, NOR = northernness (km) in the Finnish coor-
dinate system, UPLIF = rate of land uplift (mm/year), FLUC = sea level fluctua-
tion (cm), MOIS = soil moisture content (%), SLO = slope tangent, BARE = pro-
portion of bare sand surface (%), TREE = tree cover (%).
DIST HEIG pH Ca P K Mg Md Sd NOR UPLIF FLUC MOIS SLO BARE
HEIG  .72***
pH -.60*** -.36*
Ca -.23 -.17  .41*
P -.02 -.09  .29  .20
K -.33* -.20  .60***  .79***  .17
Mg -.38* -.22  .70***  .70***  .47**  .69***
Md -.12 -.31  .08 -.25  .35* -.13  .01
Sd  .21  .23 -.36*  .10 -.40* -.02 -.20 -.60***
NOR  .17  .12 -.23  .42** -.31 -.24 -.50**  .12  .27
UPLIF  .20  .17 -.22 -.46** -.34* -.28 -.52***  .07  .30  .96***
FLUC  .07  .07 -.20 -.26 -.29 -.08 -.39*  .07  .25  .91***  .76***
MOIS -.02  .05 -.26 -.29 -.13 -.19 -.47** -.05  .30  .69***  .64***  .67***
SLO  .02  .11 -.08 -.10 -.36* -.06 -.14  -.06  .02  .18  .21  .15 -.05
BARE -.20  .16  .22 -.02  .01 -.02  .13 -.15 -.13 -.24 -.16 -.31 -.06 -.13
TREE .61*** .52*** -.39* -.07  .02 -.04 -.06 -.19  .30  .14  .16  .11
-.01
-.02 -.19
When comparing the whole set of vegetation data with the Kalliola's (1973: 186)
vegetational zones for the Finnish coastal flora (including all coastal plant commu-
nities) using Discriminant Analysis, the only clear groups formed concern the
southernmost plots, those on the Hanko Peninsula, and some of the most northerly
plots in the Bothnian Bay region (Fig. 54).
The significance of environmental factors was examined more closely only for a
smaller set of data collected alongside the soil samples. Many environmental fac-
tors are significantly intercorrelated (Table 7), so that as the distance from the
shoreline increases, for example, the height above sea level also rises, the tree
cover becomes denser, the acidity of the soil surface increases and the amount of
nutrients decreases. On the other hand, the amount of phosphorus in the surface
soil decreases at first, but increases again further from the shoreline with increasing
acidity and better solubility of phosphorus, and the same trend can also be seen in
potassium and manganese (Fig. 55). The amount of organic material in the soil de-
creases as the vegetation cover becomes more sparse and trampling increases. As
almost all the plots are situated on the Gulf of Bothnia, land uplift and fluctuations
in sea level both increase northwards. There are more coastal sandy plains consist-
ing of fine grained material in the north.
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Fig. 55. Manganese and potassium content of the upper soil in relation to distance
from the shoreline (38 samples).
Table 8. Canonical Correlation Analysis ordination of environmental factors af-
fecting the ecological succession (number of sample plots = 38).
Environmental variables Eigenvalue Chi-square D.F. P-value
All important factors together WHOLE DATA SET
1st axis 0.882 131.49 25 0.0000
2nd axis 0.722 64.22 16 0.0000
3rd axis 0.486 23.88 9 0.0045
Cover of tree canopy 0.808 55.28 5 0.0000
Soil pH 0.668 36.94 5 0.0000
Distance from water line 0.651 35.31 5 0.0000
Height above sea level 0.495 22.899 5 0.0004
Proportion of bare sand surface 0.376 15.81 5 0.0074
Soluble Mg in soil 0.361 14.99 5 0.0104
All important factors together HERB LAYER
1st axis 0.718 73.53 16 0.0000
2nd axis 0.542 32.38 9 0.0002
Soil pH 0.670 37.71 4 0.0000
Distance from water line 0.465 21.29 4 0.0003
Soluble Mg in soil 0.406 17.70 4 0.0014
All important factors together MOSS LAYER
1st axis 0.860 78.86 16 0.0000
2nd axis 0.525 14.98 9 0.0914
Cover of tree canopy 0.774 50.63 4 0.0000
Distance from water line 0.608 31.87 4 0.0000
Height above sea level 0.513 24.43 4 0.0001
Proportion of bare sand surface 0.190 7.15 4 0.1281
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Canonical Correlations Analysis and Discriminant Analysis were used to de-
termine the main environmental factors affecting the ecological succession in the
herb layer (Honkenya -> Leymus -> Deschampsia -> Empetrum). These factors are
changes in the surface layer of the soil, i.e. pedogenic processes, especially in-
creasing acidity (Table 8). The mobility of the sand also affects the ecological suc-
cession, as can be seen in the Tahkokorvanpakka dune at Kalajoki, where in spite
of the acid soil of this old transgressive dune, the vegetation cover of the windward
slope and the dune crest resembles that of incipient foredunes. The biotic soil fac-
tors that are harmful to dune plants are apparently eliminated during aeolian trans-
port (Woldendorp 1996: 10). Thus, the organic content of the soil and the intensity
of trampling have an effect on the ecological succession.
The factors affecting the succession in the moss layer (Ceratodon -> Cladonia -
> Polytrichum -> Racomitrium -> Dicranum -> Pleurozium) were analyzed sepa-
rately. The main indicator species, Cladonia subgenus Cladonia and Cladina ar-
buscula lichens, Dicranum scoparium and Pleurozium schreberi, were selected  by
Principal Components Analysis. The environmental factor that correlates most sig-
nificantly with these indicator species is the tree cover. Trees are frequent only on
stabilized surfaces, where litter fall increases the amount of organic material in the
soil and the shade lessens the extremity of the microclimate (cf. Heikkinen 1991:
216). Other important factors are the distance from the shoreline and the height
above sea level, which affects soil humidity (Table 8). The amount of open sand
surface is the next factor in importance, as it is indicative of the mobility of the
sand.
When the species of both the herb and moss layers were analyzed together, the
principal components describing the ecological succession were Honkenya, Ley-
mus, Ceratodon, Empetrum and Pleurozium. The environmental factor that corre-
lated most significantly with these was the cover of the tree canopy, which is itself
part of the ecological succession. Other highly significant factors are the pH of the
surface soil, the distance from the shoreline and the height above sea level, being
indicative of the leaching of the sand as time passes and land uplift continues. Of
the nutrients examined, manganese correlates best with the change in vegetation
cover. The organic content of the soil and the intensity of trampling form another
important group of factors, indicating the stability or mobility of the sand surface.
The eigenvalue and chi-square value are naturally larger for all the significant fac-
tors together than for the factors separately, denoting more significant correlations.
According to Kuusipalo (1985: 75), the most important factors regulating the dis-
tribution of plant communities in the upland forests in southern Finland are the
cover of the tree canopy, the fertility and acidity of the humus layer and soil mois-
ture content. All these factors also have a clear effect on coastal dune fields, along-
side sand mobility.
As can be concluded from the above Cluster Analysis results, the main factors
affecting the distribution of plant communities on the Finnish coastal dune fields
are: 1) soil-forming processes, which cause an ecological succession from the nu-
trient-rich beach to the continuous forest cover, 2) soil water content, which de-
pends on grain size and the steepness of the slope, and 3) geographical location, as
the flora becomes poorer northwards and species favouring more humid conditions
become more frequent. When the indicator species for the southern plant commu-
nity is included in the analysis, geographical location becomes a significant factor
(eigenvalue = 0.468, chi-square = 20.484, D.F. = 7, p = 0.0046), whereas if the in-
dicator species for damp surfaces is included, the importance of height above sea
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level increases. Calcium content is naturally a significant environmental factor for
the calcareous plants of Padva. Thus, the significance of the above environmental
factors depends on the area selected for analysis.
The exposure, direction and inclination of the slopes does not seem to have a
significant effect on the flora of low and open foredunes. It is true that the bushes
and mosses are regularly represented first on the leeward slopes of foredunes, but a
more significant difference can be seen between the sunny and partly bare wind-
ward slopes and the shady, densely vegetated leeward slopes of the old, usually
higher, stabilizing dunes. In earlier studies of stabilized dunes and esker slopes
(Jalas 1950; Aartolahti 1973; Påhlsson 1974; Oksanen 1983; Rajakorpi 1987;
Heikkinen 1991) the aspect of the slope is repeatedly reported as an important fac-
tor regulating the distribution of plant communities. The amount of solar radiation
in particular varies on slopes of different aspects and causes differences in the
thickness of the humus layer, soil acidity and relative humidity which are men-
tioned as significant factors (Aartolahti 1973: 43; Oksanen 1983; Rajakorpi 1987;
Heikkinen 1991). Differences between north and south-facing slopes are also re-
ported with respect to the thickness of the snow cover, length of the growing sea-
son and frost frequency (Rajakorpi 1984). Some plant and animal species do occur
on the steep south-facing slope of Lappohja that are not found on other shores in
Finland. The impact of inclination may be greater on sunny slopes, as it strengthens
the effect of aspect (Rajakorpi 1984; Heikkinen 1991).
Among the other environmental factors, trampling favours the occurrence of
Festuca ovina and clearly reduces the possibilities for mosses and lichens to flour-
ish. Cladina and Stereocaulon lichens and the moss Racomitrium in the present
data are particularly found to be more abundant on only lightly trampled areas. The
grain-size affects the moisture content of the sand, and therefore seems to explain
the occurrence of Festuca ovina, which thrives in drier areas, and of F. rubra,
which favours more humid surfaces.
Changes caused by man and animals
Human activity has been delaying the natural invasion of sandy shores by forest at
least since the fifteenth century. At the beginning of this present century forest
fires, the felling of trees and the grazing of animals on seashore meadows caused
sand drifting and the formation of broad deflation surfaces and transgressive dunes
(see Alestalo 1971: 126–127, 1979; Heikkinen & Tikkanen 1987). The formation
of these large transgressive dunes coincided with the common practice of grazing
sheep on seashores and islands (Skult 1955), so that many districts around the Gulf
of Bothnia had as many sheep as they did inhabitants (Gebhard 1901). The sheep
evidently destroyed the sand-binding lyme-grass.
Signs of human activities can be seen on almost all coasts, those that have been
preserved untouched being located in the nature conservation areas on the Tauvo
Peninsula and in military areas and private areas around summer cottages. A con-
siderable number of summer cottages have been built on the coasts of Finland since
the 1970's, and at the same time paths have been converted into roads. At least so
far the cottagers have not greatly harmed the vegetative cover of the dune coasts.
Achillea millefolium and Poa pratensis are more frequent around cottages, appar-
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ently being able to benefit from the proximity of man, as also does Rosa rugosa,
the agressive spread of which has destroyed the original dune plants in places on
the coasts of Europe (Hellemaa & Doody 1991: 16). This NE-Asiatic invader is
already found on the sandy coasts from Hanko to Oulunsalo. It can become domi-
nant in the absence of grazing and should be considered a weed (Hämet-Ahti, oral
communication 1997).
Building by man may have totally destroyed a dune coast, as in the harbour of
Ykspihlaja, Kokkola, and in some other places man has considerably changed the
character of a coast, e.g. by turning it into a golf-course, as in the Karhuluoto area
of Yyteri. Thus destruction of dune coasts can occur in a quantitative as well as a
qualitative sense (Udo de Haes & Salman 1990: 11). Besides harbours and golf-
courses, camping sites, hotels, roads and parking lots have also been built on the
coastal dune fields of Finland. Dune coasts make excellent bathing beaches and
recreation areas, but intensive trampling impoverishes the vegetation and causes
deflation.
The impoverishment of flora can clearly be seen by comparing sites trampled to
differing extents, e.g. at Kalajoki and Yyteri. Only Leymus arenarius, Festuca
ovina, Hieracium umbellatum and Rumex acetosella occur very sparsely on the
most heavily trampled areas of the Hietasärkät dune field in Kalajoki. The vulner-
ability of the forest vegetation to tourism on this dune field has been studied by
Jämbäck (1995). Numerous tourist attractions and cottages have been built on this
coast over the past few years, as it is one of the most popular recreation areas in
Finland. As a consequence trampling has increased and destroyed in particular the
vegetative cover of the pine forest behind the dunes. At the most trampled sites the
paths form unified bare sand areas, but where trampling is not too heavy and con-
tinuous the destruction of the vegetation may offer new habitats for pioneer spe-
cies.
At Padva and Pietarsaari the beaches are kept vegetationless by harrowing and
the aeolian sand is burying the bases of the tree trunks behind these beaches. In
August 1987 the plants had somewhat recovered on the harrowed beach of Padva
in spite of trampling, so that 6 plant species were found in a plot one metre wide
and 20 m long, and as many as 15 on the better preserved cottage beach nearby.
The former flowering dune meadow and the rare calcareous species had vanished
as a consequence of the harrowing.
Aeolian sand does not tolerate intensive trampling or heavy loads (Aartolahti
1976: 93), and trampling in coastal recreational areas, and also motor vehicles, es-
pecially in military areas (Hellemaa 1980: 56), will break up the vegetation cover.
The building of roads and hotels on the dunes increases trampling. Raabe (1973 cit.
Skytén 1978: 44) has described how the dune crests are broken down by trampling.
At the most trampled sites, deep, wind-scoured gaps break up the foredunes. In
Halland in the south of Sweden, the holes dug by sunbathers caused so much ero-
sion that the dunes began to move (Norrman et al. 1974), and strong winds have
activated the dunes at the most severly trampled sites in Finland during the past
few years.
Coastal ecosystems are also affected by human-induced pollution. In the sum-
mer the plants bind and use nutrients originating from sewage and fertilizers
washed into the waterways from arable land and forests, from coastal fish farms
and in Ostrobothnia especially from fur farms. Fur farms have been estimated to
produce 1000 tn of phosphorus and 5000 tn of nitrogen a year during their best
years, which is equal to the additional load caused by one million inhabitants (Ul-
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fvens 1992: 44). Nowadays the loading from fur farms is only a fourth of this (Tik-
kanen 1994: 7). By far the largest proportion of the nutrients originates from agri-
culture.
The pH of rain water is 4.6 or lower on the Finnish coasts (Atlas of Finland
1987: folio 131: 27). Strong acids spread from the Central Europe with air flows,
especially to SW Finland. The amount of nitrogen in rainwater decreases from Vi-
rolahti (about 80 mg/m2/month) towards the top of the Gulf of Bothnia (40
mg/m2/month; Atlas of Finland 1987: folio 131: 27). The permeable, barren aeolian
sand is very sensitive to the fertilizing effect of pollutants, and as a consequence of
eutrophication Phragmites australis is spreading vigorously to the coasts and islets
and impoverishing their flora and fauna (Ulfvens 1992). The thick vegetative cover
effectively binds sand and stops aeolian processes. The shallow beaches on the
Gulf of Bothnia have been invaded particularly vigorously by reedbeds.
Grazing, burrowing and trampling by animals is insignificant on the coastal
dune fields of Finland nowadays, and as a result forest is spreading over dune
fields that were largely open at the beginning of this century. The same kind of de-
velopment is also common elsewhere on the European coasts (e.g. Van Dijk 1992)
now that grazing by farm animals has ended and the release of fertilizing pollutants
has increased.
Ants are also worth mentioning when we are speaking of the natural fauna of
the dune coasts, as they bring loose sand to the soil surface (Wallin 1980: 94).
Formica cinerea, which lives in the coastal dune fields from the Hanko Peninsula
to the island of Hailuoto, particularly favours open sand fields and brings new sand
up from the deeper soil horizons for wind transport, thereby reducing the formation
of a continuous vegetation cover (Kilpiäinen et al. 1977; Jämbäck 1995: 28). On
the Koppana beach at Oulunsalo the hummock dunes have grown higher as a result
of the work of ants. Elsewhere in the world rabbits have locally caused sand to
move by burrowing and grazing on dunes (Klijn 1990a: 93; Wilson 1990: 77; Rutin
1992). Rabbits do not occur in Finland, but hares have been known to gnaw the
bark of pines and accelerate the death of trees, at least on the leeward slope of the
Tahkokorvanpakka dune at Kalajoki (Heikkinen & Tikkanen 1987: 259). Many
birds nest on the uninhabited dune coasts of Finland, most notably shore birds such
as Larus, Sterna, Calidris and Charadius.
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The geomorphological and
ecological succession
The beach zone
The beach zone means here the area located seaward of the foredune, where wave
processes are most powerful. On dune coasts a broad cut-and-built terrace is
formed, reaching from the sublittoral zone to the geolittoral and consisting of
wave-moulded material with numerous bars. Longshore bars are found at almost
all the beaches examined. Longshore bars and swash bars have clearly made prog-
ress in terms of beach progradation and provide a supply of sand for wind trans-
port. On the cape of Vattaja the beach is prograding most rapidly in the area of an
arcuate accumulation bay bordered by longshore bars (Fig. 56). Longshore bars
also line the tombolos that are typical features of sandy beaches, e.g. at Yyteri,
Monäs and Vattaja. At Hietasärkät in Kalajoki the shallows have caused refraction
of the waves, which have eroded the southern part of the beach and moved some of
its material to the bars.
To the north of the sand spit of Lahdenkrooppi at Vattajanhietikko the shoreline
is quite straight and has remained in the same place for a long time. Even on this
shore, further from the beach, there are large longshore bars, but nearer the shore
they are oriented perpendicularly to the shoreline. These bars are quite stable, and
the largest of them have maintained the same location for decades (Fig. 56). Ac-
cording to Keränen (1985: 38), large, stable transverse bars of this kind (surf cusps,
Carter 1988: 119) indicate a limited supply of sand. On the shores of Vattaja they
have been formed as the genly sloping esker has emerged above sea level. Erosion
and deposition seem to be in balance on this stretch of coast. Beach drifts can carry
material away from a straight shoreline.
At Tulliniemi on the Hanko Peninsula there are swash cusps consisting of
coarse material and the beach is bordered by arcuate submerged bars, which are in
accordance with the subaerial cusps. According to Carter (1988: 120, 124), cusps
of this kind are often accumulation forms. Small, rhythmic swash cusps are char-
acteristic of shores which belong to the reflective domain, with prevailing destruc-
tive waves.
In the southern part of the Hietasärkät dune field the upper limit of the geolitto-
ral zone is marked by a steep cliff 2 m high eroded into the esker slope (Heikkinen
& Tikkanen 1987: 246). In the northern part of Yyterinsannat marine erosion has
steepened the windward slope of the foredune, and at Tulliniemi, Monäs and the
bathing beach of Vattaja the foredunes have been eroded by waves, too. At Lap-
pohja waves have eroded both old aeolian and glaciofluvial accumulations. On all
these beaches the sediment budget is either in balance or negative.
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Fig. 56. Aerial photographs of the Vattaja dune field (Lohtaja) in June 1971 (left;
no. 71154:64) and in May 1992 (right; 92144:55). Forest invasion has been slow
in the military area. The tombolo of Kalsonnokka has grown broader and the
shoreline has shifted seawards in the arcuate accumulation bays with numerous
longshore bars. Large transverse bars join the beach in the straight stretch of
shoreline, the bars and the shoreline having remained stationary for decades.
There are large longshore bars seaward of these. By permission of © Maanmit-
tauslaitos, permit no. 51/MML/08.
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Cut-and-built terraces
The perennials Agrostis stolonifera, Festuca rubra, Calamagrostis stricta and the
annual Juncus bufonius thrive on moist coastal sandy plains. Agrostis in particular
may form very broad but widely spaced populations. In drier places, e.g. on the
Tauvo Peninsula,  the rhizomes of grasses bind the aeolian sand to form miniature
dunes. The highest lee dunes of coastal sand flats to be found here were about 20
cm high and bound by Festuca rubra. Lemberg (1933: 38, 57) found 0.5 m high
Agrostis dunes at Yyteri and 1.5 m high Festuca rubra dunes in Karelia. The hori-
zontally growing, thin rhizomes of F. rubra start to grow upward if sand accretion
is more abundant (Lemberg 1933: 57). On the shores where Juncus bufonius and
Agrostis stolonifera are most abundant some Phragmites australis can also be
found. The abundance of these species may predict the invasion by a reedbed.
Beaches
The swash zone of a drift sand beach, where the habitat is affected by moisture
from the sea water and nutrients from wave-cast organic debris, is usually unvege-
tated. This is due to the instability of the sand surface. A wrack flora may be found
to some extent, for example Galeopsis bifida, Rumex, Polygonum and Atriplex spe-
cies. This nitrophilous and halophilous flora changes from year to year and the
plants often seem to be stunted. Agrostis stolonifera, Cakile maritima, Lathyrus
japonicus and the tall Phalaris arundinacea are quite regularly found on the upper
beaches. The fruits of the annual Cakile maritima consist of two segments, each
with one seed. The distal fruit segments are dispersed with the wind, but the
proximal ones remain attached to the parent plant (Watkinson & Davy 1985: 491;
Maun 1994: 60). Consequently the plant is found in the same proven habitats year
after year. The seeds, roots and nutrients that have accumulated on berms offer fa-
vourable initial material for a new embryo dune ridge (Gerlach 1992).
The sand on a smooth, unvegetated surface easily drifts with the wind. Saltation
forms transverse ripple marks, but parallel aerodynamic sand flows can form low
longitudinal ridges or sand veils at times of strong winds (Warren 1979: 337;
Bourman 1986). These formations are incidental.
A Honkenya - Leymus community often dominates the upper part of the geolit-
toral zone. At Virolahti, Padva and Koppana Honkenya peploides forms thick car-
pets on the beach faces. Its long-branched rhizomes bind sand very effectively
(Vartiainen 1980: 29), making the sand surface more suitable for other plants.
Honkenya tolerates burial in the sand, and the growth of its stems follows the an-
nual accumulation of sand. On the beaches it binds low embryonal dune mounds
which grow until the next storm washes them away. Leymus arenarius also forms
low embryo dune ridges and mounds in the geolittoral zone, which may grow to
form foredunes. Developments of this kind have been monitored on the coasts of
Yyteri and Vattaja, for example.
Berms veneered with aeolian sand
The shores of Virolahti, Kolaviken, Lappohja, Padva and Koppana possess beach
ridges veneered by aeolian material instead of proper foredunes in the upper part of
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the geolittoral zone. At times of high water levels washover layers are formed,
which makes the soil more fertile. The crests of these ridges are bound by a flour-
ishing vegetation cover in which Honkenya and Leymus are frequent, as are Hi-
eracium umbellatum, Tanacetum vulgare, Epilobium angustifolium, Rumex cris-
pus, Cakile maritima, and Lathyrus japonicus, and also Festuca ovina (F. polesica
in the Hanko Peninsula) and Deschampsia flexuosa, which grow mostly on the lee
side. At Padva and Kolaviken (in Hanko) Leymus is partly replaced by Elymus re-
pens, which has long, branching rhizomes and is nitrophilous, so that it benefits the
organic debris. At Lappohja Leymus is mostly replaced by Ammophila arenaria.
Rosa rugosa bushes are frequent on the beaches of the town of Hanko. On the
southern coasts the plant communities of these beach ridges include Galium verum,
Artemisia vulgaris and Taraxacum species (section Palustria). Mosses (Tortula
ruralis, Campylium polyganum, Brachythecium salebrosum and Ceratodon pur-
pureus) cover the beach ridge crest on the calcium-rich sand of Padva, where both
the moss and the herb layer are fairly continuous.
Foredunes
The foredunes on the Finnish coasts vary between 0.5 and 8 m in height, but are
usually only about 2 m high. Dune ridges may occur alone or in swarms, or partly
overlapping, but always parallel to the shoreline. New foredunes are usually
formed when the waves deposit sand on the prograding beach.
Harsh conditions prevail on the windward slopes of the foredunes, and there
lyme-grass often occurs alone. Even this cannot survive in the presence of inten-
sive deflation, however, and in places windy slopes are covered only with sand
drifts or deflation surfaces. Other species that occur on the windward slopes of the
foredunes are Honkenya peploides, Lathyrus japonicus, Agrostis stolonifera and
Festuca rubra.
The windward slope usually has a more gentle gradient than the leeward slope,
but windward slopes that have been eroded by wave or wind action are very steep
and are usually bound by the root systems of plants, which prevent them from col-
lapsing. On eroding shores the windward slopes are characterized by avalanche and
slump structures and the leeward slopes by blowover beds. The vegetation cover on
these dunes indicates that they have been in the same position for a longer time.
The highest foredunes, in the middle part of Yyterinsannat, to the north of
Lahdenkrooppi and on the bathing beach at Vattaja, have their windward slopes
steepened by marine erosion and deflation. The total sediment budget of all these
areas has been slightly positive and the dunes have had time to grow in height, as
the shoreline has remained stationary. Trampling has had the effect of loosening
the sand for aeolian transport on the bathing beaches. In the Karhuluoto area at
Yyteri the foredune has grown in height rapidly because of the ample supply of
sand from the broad, flat coastal plain.
The present foredunes have only exceptionally moved from their place of for-
mation, although there are minor bends landwards at blowouts and wind-scoured
gaps. The foredune at Yyteri has clearly become lower at the blowouts on the
bathing beach and the leeward slopes have proved to be active slipfaces. The
power of the wind is concentrated in these gaps, and the wind can also transport
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coarser material along them to the dune crests and beyond (Fig. 46). Some smaller
wind-scoured gaps have lower blowover 'deltas' and various forms of lee dunes
bound by plants. The gaps are often formed around pathways. Intensive trampling
may break the foredune into separate mounds bound by lyme-grass. The material
of the foredunes is usually so permeable that there is no overland flow, although
rain and the melting of the snow can cause water erosion and form sand tongues on
the frozen leeward slopes.
The parallel dune ridges in the southern part of Yyterinsannat have formed
gradually on the beach ridges. Over the past few years powerful storms have de-
posited higher ridges within a short space of time. These largely wave-built ridges
at the end of a shallow accumulation bay consist of very fine-grained material.
The pH of the sand in young foredunes is always over 6, but it is lower in older
dunes, even if they are still growing. Hieracium umbellatum and Rumex acetosella
are frequent on the dune crests and the leeward slopes. Hieracium tolerates burial
in sand (Lemberg 1933: 124), but the flowers of R. acetosella are often a very dark
red on aeolian sand and its numerous long stems begin just at the sand surface.
When only a small amount of sand is accumulating, R. acetosella forms numerous
rhizome-like roots with new shoots (Lemberg 1933: 66).
Festuca ovina is frequent on dry, trampled dune fields. It is most frequent when
the sand surface begins to stabilize, but cannot grow through a very thick sand
layer. In loose sand the tufts are widely spaced. In the middle part of the Kalajoki
dune field, where marine erosion has destroyed the former foredune, F. ovina binds
low dune mounds (15-30 cm high) on the top of a coastal cliff. These mounds are
elongated in the direction of the shore and they have gentle windward slopes and
steeper, shorter leeward slopes. On the Hanko Peninsula F. polesica and Coelo-
caulon aculeatum had spread to the crest of a foredune during a long period of sta-
ble conditions, but new, thick blowover sand beds have now almost wiped out this
rare lichen.
Besides the above species, Festuca rubra, Equisetum arvense, Achillea millefo-
lium, Calamagrostis epigejos, C. stricta, Poa pratensis and Tanacetum vulgare are
quite often found on the leeward slopes of foredunes. According to Vartiainen
(1980), the last of these is very frequent on the sandy shores of islands in the north-
ernmost part of the Bothnian Bay. Ceratodon purpureus has often spread to the
leeward slope of the youngest foredune, as have Salix bushes, and sometimes there
are also saplings of pines and alders. A ribbon of high alders and birches may be
seen growing in the shelter of the foredune at Monäs, while in the northern part of
Yyterinsannat pines and junipers are growing on the steep dune cliff.
Dune slacks
In addition to the species that occur on the foredune ridges, Rumex crispus, Vicia
cracca, Valeriana sambucifolia, Epilobium angustifolium, Artemisia vulgaris, Des-
champsia flexuosa, Carex nigra, Polytrichum piliferum, P. juniperinum and Cla-
donia lichens are found growing in depressions between the ridges. Sometimes the
bottom of a dune slack is covered by a fairly continuous Deschampsia – Ceratodon
community. Very thick Lathyrus japonicus communities are found in the dune field
of Vattajanhietikko, and Galium verum and G. palustre as well as Erigeron acer
occur in the dune slacks of Yyteri.
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The dune slacks on prograding beaches are usually formed as a result of wave
erosion followed by aeolian accumulation (Gares & Nordstrom 1988; Jämbäck
1995: 24), so that they should not be regarded as blowouts formed by deflation.
Intermediate dunes
Foredunes trap aeolian sand so effectively that the older dunes do not receive any
new material from the beach. The soil becomes poorer and more acidic, but at the
same time the amount of organic material increases. The lyme-grass becomes
lower, more widely spaced and sterile. The pH of the sand in this zone is below
5.9. The lyme-grass suffers from a lack of nutrients on the one hand, and from in-
creasing amounts of pathogenic micro-organisms on the other (cf. Woldendorp
1996). These harmful factors are eliminated at times of aeolian transport. Plant dis-
eases are more common under deteriorating conditions. Black spots caused by in-
fection with Ustillago smut fungi can be seen in old lyme-grass communities (cf.
Lemberg 1933: 52). Mosses, lichens and widely spaced herbs spread to bind the
sand surfaces as the lyme-grass dies off, and these plants together with the decom-
posing stems of the lyme-grass and the dark clods bound by fungal hyphae give a
grey colour to the dunes. At this stage erosion by wind and water has often lowered
the dune ridges to form mounds or a gently undulating sand field.
The sand surfaces of older dunes are usually more water repellent, which in-
creases erosion by overland flow. This could at least partly be due to hydrophobic
fungal hyphae, as the dune plants usually have mycorrhiza (Rozema et al. 1986).
The water repellency of a sand surface increases markedly with the organic mate-
rial content (Dekker & Jungerius 1990), and at the same time the structure of soil
becomes more tolerant of deflation. Wallén (1980) has demonstrated on the dunes
of Southern Sweden that the production of organic material in a one-year-old dune
is much greater above the soil surface than beneath it. This situation changes after a
few years. In a ten-year-old dune the biomass production is already six times
greater beneath the soil surface than above it. The water drops flow away from the
surface, which is bound by fungal hyphae, towards the depressions, in which the
hydrostatic force increases infiltration. Hydrophilous algae thrive in such places
and may also increase infiltration, so that the water repellency of the soil surface
varies from place to place, which in turn affects the topography. Especially after
long droughts in summer, water erosion can be very powerful.
Loose sand grains are always exposed to splash erosion by rain drops, and sheet
wash can lead to levelling of the topography on older dunes. The power of erosion
is considerably smaller on moss-covered surfaces. The erodiblity of slopes depends
on the consistency of the plant cover. The depressions are filled and the inclination
of alluvial lower slopes is typically less than 6o (Jungerius & Dekker 1990: 193).
Sand tongues of varying sizes are already common on the leeward slopes of the
youngest foredunes (Fig. 40).
The smoothing down of parallel dune ridges has been most obvious in the areas
of Karhuluoto (Yyteri), Letto (Kalajoki), Tauvo and Marjaniemi (Hailuoto), where
the fine grain-size of the loose dune material has increased the effectiveness of ero-
sion. At Marjaniemi grazing has totally prevented foredune formation at times (Al-
estalo 1986: 153). In the southern part of Yyterinsannat the dune ridges have been
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smoothed rapidly when powerful autumn storms have filled the slacks with sand.
Thus the factors which cause the smoothing of dunes are water erosion, trampling,
grazing, storms and material of an easily erodible grain-size.
Ceratodon – Leymus communities and further from the beach both Deschamp-
sia – Honkenya – Ceratodon and grey Ceratodon – Cladina communities are fre-
quent on the intermediate dunes. Mosses usually spread to the dune slopes prior to
lichens, the pioneer species being Ceratodon purpureus, Polytrichum piliferum and
P. juniperinum, which tolerate partial burial in sand. Pohlia nutans, Bryum spp.
and the liverwort Cephaloziella often appear on sheltered, stabilized surfaces.
The first lichens to appear usually belong to the genus Cladonia, the most fre-
quent of them being C. cornuta, C. gracilis ssp. turbinata, C. deformis and C. bo-
trytes. The two last-mentioned species occur on humus and rotting wood (Ahti
1981: 33), so that their occurrence on dunes can be explained by their growing on
dying mosses and remnants of lyme-grass. Other lichens that frequently occur on
intermediate dunes are Cladonia uncialis, C. fimbriata, C. cervicornis and C. pyxi-
data. Sometimes Placynthiella uliginosa, a dark crustose lichen growing abun-
dantly on mosses is the first to appear, or else the tin-like Streocaulon, that thrives
on bare sand. Coelocaulon, which occurs on the Hanko Peninsula, has been men-
tioned above. The lichens of the subgenus Cladina appear slightly later than those
of the subgenus Cladonia. C. rangiferina and C. arbuscula often occur with spe-
cies of the subgenus Cladonia. C. stellaris grows slowly and is frequent only on
some intermediate dunes at Vattaja. Cetraria species, especially C. ericetorum,
often grow along with Cladina lichens. The northern species Cetraria nivalis is
found at the edge of a lichen-rich forest in the southern part of Yyterinsannat. Grey
dunes with a lichen cover can be formed only in places where no trampling occurs.
The thin crust formed by lichens and mosses on a sand surface is very easily bro-
ken during dry seasons.
The amount of Honkenya and Leymus decreases and they linger and often be-
come sterile on intermediate dunes, while Hieracium umbellatum and Festuca spe-
cies become more frequent. Rumex acetosella and Salix bushes often occur, too.
Deschampsia flexuosa becomes more abundant as the dunes become older, and
eventually it replaces the Festuca species. Empetrum dwarf shrubs appear later.
The fungal hyphae that bind sand grains together, Ceratodon, Polytrichum and
Cephaloziella mosses and Placynthiella and Cladonia lichens play an important
role in the stabilization of open sand surfaces caused by wind and water erosion.
An algal crust (especially of Cyanobacteria; cf. Pluis & De Winder 1990) may be
formed in damp depressions.
Deflation surfaces and hummock dunes
Deflation surfaces vary in size from broad flats to minor blowouts, and tend to be
covered with coarse grains as the wind transports the finer material away. These
coarse grains protect the surface against further erosion. Deflation may lower the
sand surface to the level reached by capillary rise from the groundwater table,
whereupon the soil moisture binds the sand surface and it begins to be covered by
plants (cf. Seppälä 1984: 47–48). Thus deflation surfaces can be divided into dry
and moist ones, since the soil moisture clearly affects the plant cover. Broad, flat
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deflation surfaces are common behind the foredunes, and these surfaces are dotted
with small hummock dunes and having their landward edges marked by old, higher
dunes, usually covered by forest.
Many wide deflation bowls elongated in the direction of the shoreline are found
at Yyteri, some of which have a dry bottom and are still active, like the one on the
proximal side of the Keisarinpankki dune. A still broarder, continuously growing
deflation bowl lies seaward of the holiday village, and landward of this surface the
cover sand layers have turned the forest floor white. Lyme-grass, growing on the
cover sand, has assumed a lingering aspect in the past few years, showing that the
rate of deflation has decreased in this area, probably because of the foredunes,
which have grown higher and provide more shelter. The deflation surfaces which
have reached the groundwater table can be detected from a distance by their dark
moss cover. Trampling increases deflation considerably (cf. Skytén 1978: 44) and
reduces the number of plant species present. As the deflation bowls have grown
larger, table-like erosion remnants have been left between them (Fig. 51).
Dry deflation surfaces
The wind has eroded a flat deflation surface in the esker slope of the Hietasärkät
dune field at Kalajoki, but this surface is shielded against continued deflation by
the coarse material. As evidence of gradually progressing deflation there are minor
bluffs (5–10 cm) and table-like remnants bound by mosses and Festuca ovina. De-
flation has made the dune hummocks higher at the upper edge of this flat surface,
and a buried soil layer under the hummocks has become visible  (Heikkinen &
Tikkanen 1987). These Leymus-hummocks are separated by wind-scoured gaps.
At Lappohja a deflation surface has been formed on the distal slope of the First
Salpausselkä end moraine, and small hummock dunes have accumulated on this
slope. At Syndalen trampling has caused the formation of active blowouts on the
dune slopes, the bare sand supporting rows of Carex arenaria, one of the plants
that benefit from trampling and tend to die out in a thickening vegetation.
Leymus, Honkenya, Rumex acetosella and Hieracium umbellatum spread one by
one to the loose sand of the most severely trampled surfaces. In any case widely
spaced Leymus and Honkenya occur as relics further from the beach. Festuca ovina
is also very tolerant, and the grasses that dominate on dry sandy surfaces take the
form of Festuca ovina - Leymus and Deschampsia communities. F. ovina is abun-
dant at Koppana, at Hietasärkät in Kalajoki and on the gravelly fields on the
proximal side of the Kommelipakka dune at Vattaja. Elsewhere in Vattajanhi-
etikko, Tauvo, Vexala and Yyteri the dominant grass is Deschampsia flexuosa. The
best developed Deschampsia meadow is to be found in the Herrainpäivät area of
Yyteri, where there are no vast deflation surfaces landward of the foredune but
gently undulating aeolian sand beds instead, the grain-size parameters of which are
similar to those of the foredune.
Further from the beach the soil becomes more acid, and the phosphorus content
in particular decreases. At the same time Empetrum becomes more frequent. In this
way a dune meadow (Deschampsia – Empetrum – F. ovina community; pH 5.5–
5.7) changes into a heath dominated by dwarf shrubs (pH 5.2–5.4). Scattered
junipers and saplings (Pinus sylvestris, Betula pubescens, Alnus incana) are found
growing on these meadows and heaths.
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In Yyteri Deschampsia has gradually replaced Festuca rubra. It is common for
this to happen in the course of time and further away from the shoreline. Des-
champsia does not tolerate trampling as well as does F. ovina, which frequently
occurs in grazed areas, even on moist surfaces and on very fine-grained material,
e.g. the Marjaniemi dune field. It apparently profits from grazing.
A characteristic species of the dry dune meadows of the Hanko Peninsula is
Festuca polesica. These meadows are dotted with the pink flowers of Thymus
serpyllum, the dark-coloured lichen Coelocaulon aculeatum and the yellow Galium
verum nearer the shore. Cetraria, Stereocaulon and Cladina lichens are also found
in other dune fields. Dwarf shrubs form green patches and are frequent further
from the beach, first Arctostaphylos uva-ursi and then Empetrum. Both of these
species have secretions in their leaves which prevent the germination and growth
of other plants (see Vanha-Majamaa 1993), a means of competition that is evi-
dently useful in an infertile habitat.
Mosses grow between patches of dwarf shrubs, and Empetrum – Ceratodon
communities are frequent. The pioneer species Ceratodon purpureus, Polytrichum
piliferum and P. juniperinum cover the dry deflation surfaces and also tolerate par-
tial burial in sand. Racomitrium canescens then grows over these pioneer species
(Lemberg 1933: 78) and may gradually form a more continuous moss carpet. Vac-
cinium uliginosum and Leontodon autumnalis are found only on the northern dune
fields.
Damp deflation surfaces
On damp sand surfaces such as those of Letto in Kalajoki, Festuca rubra is more
frequent than the other Festuca species, mosses and Juncus species, especially
Juncus balticus with horizontal rhizomes, are usually found on the damp heaths in
addition to Empetrum. The moist surfaces are almost always covered consistently
by mosses. Alongside the species found on dry heaths (especially Ceratodon and
Polytrichum juniperinum), the sand between the Empetrum patches is covered by
the dark Cephaloziella divaricata, and later often by the crustose lichen Pla-
cynthiella uliginosa. Salix bushes are also frequent on damp surfaces (Empetrum –
Salix repens community).
Salix repens replaces Empetrum in places which are regularly flooded at times
of high water level (Salix repens – Ceratodon community), while Carex nigra and
Drosera rotundifolia often grow in the damp parts of dune fields and Myrica gale
occurs on some shores. The damp depressions of the dune fields are quickly in-
vaded by forest, usually birch thickets. The wet coastal flat of Ulkonokka, on the
Tauvo Peninsula is partly covered by a Carex meadow. Real oasis vegetation types
are excluded from this work.
The flora of the damp sand surfaces depends on the topography, so that Salix
repens, for example, occurs only in the areas where the groundwater table is near
the surface. Damp coastal plains emerging through land uplift are more like salt
marshes than deflation surfaces, and their moist soil surface, cohesion between
small sand grains, impurities in the sand and rapidly spreading vegetation reduce
the effect of deflation.
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Hummock dunes
Leymus, Empetrum, Salix phylicifolia and S. repens in particular bind hummock
dunes on flat deflation surfaces. Leymus hummocks occur on the driest surfaces, on
the seaward parts of surfaces and further from the beach, in connection with old
dune ridges. These hummocks usually vary in height between 0.5 and 1.5 m and in
diameter between 1.5 and 4 m. In a later phase of development, these hummocks
bound by lyme-grass may be invaded by Empetrum, which can also bind hummock
dunes by itself, although such hummocks are usually lower, only 10–50 cm high
and 0.5–4 m in diameter. There are higher Empetrum hummocks on the Koppana
beach at Oulunsalo. Hummock dunes can grow together and form complexes, and
mosses and lichens will grow on older hummocks, too.
Salix hummocks are formed by a single plant, e.g. Salix repens, which binds
small sand mounds, about 20 cm high and 2.5 m in diameter. Higher Salix bushes
bind higher dunes, but usually not more than 1.5 m high and about 4 m in diameter.
Juniperus communis hummock dunes are frequent at Yyteri, where sand accumu-
lates around the bushes and the lower branches are buried in sand. As a result these
junipers are often partly dead.
The sand of the hummock dunes is less acid and contains more nutrients than
that of the surrounding deflation surface. The microenvironment of the loose sand
of the hummocks differs from that of the surrounding surfaces, which are often
stabilized, damp and covered by mosses. In addition to the plant that binds the
hummock, the species that usually occur on the hummock dunes are Leymus, Em-
petrum, Festuca spp. (especially F. ovina), Rumex acetosella, Hieracium umbella-
tum, Deschampsia flexuosa, Polytrichum mosses (which thrive on loose sand),
Ceratodon purpureus and Cladoniaceae lichens. Viola canina is still flowering on
the hummock dunes of Lappohja. Pine saplings grow on many hummocks, having
apparently germinated in the shelter of a hummock and later caused it to grow fur-
ther. The shadow provided by a sapling and the needle litter dropped by it serve to
increase the vegetation cover. The situation on forested dunes is the opposite, how-
ever, so that the bases of the trees are often surrounded by bare sand.
Forest edge ecotones
A dry forest with a thick moss and lichen cover usually begins in a dead deflation
surface. At the forest edge the vegetation changes rapidly and the total number of
species is greater than in an open dune meadow or in a forest. Cladina – Empetrum
and Empetrum – Cladina – Pleurozium communities are common at forest edge
sites, and broad Arctostaphylos and Racomitrium carpets and thick Deschampsia
flexuosa communities are also found. Lichens of the subgenus Cladina, Poly-
trichum piliferum and Ptilidium ciliare are frequent on the bare sand patches, and
there are often pure communities of reindeer mosses landward of these. Cetraria
and Cladonia subgenus Cladina lichens occur together quite regularly (cf. Oksanen
& Ahti 1982: 286–287). Dicranum scoparium, D. polysetum and Pleurozium
schreberi gradually invade the moss layer, and the herb layer is dominated by Vac-
cinium vitis-idaea and Calluna vulgaris in addition to Empetrum. Further away
from the beach the forest becomes drier and the proportion of reindeer mosses in-
creases again.
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Old dunes
Old dunes are found in the distal parts of almost all recent dune fields. They are
absent only in the youngest areas that have only recently emerged from the sea, e.g.
the Karhuluoto area in Yyteri. These rolling, winding ridges are usually parallel to
the shoreline, just like the present foredunes. The highest old dunes on the Finnish
coast are precipitation ridges which have grown higher as the forests on their distal
sides have slowed down the wind speed and prevented the advance of dunes (Mat-
tila 1938: 15; Pye 1983: 541). Obvious parabolic dunes have been formed after the
Little Ice Age only at Hailuoto, Siikajoki, Vattaja and Kalajoki.
A vegetationless, active slipface now remains only on the transgressive ridge of
Tahkokorvanpakka (Kalajoki) and in places on the dunes bordering the open sand
field of Vattajanhietikko. These dunes are quite stable nowadays, but at the begin-
ning of this century they were advancing an average of one metre a year. The
Tahkokorvanpakka dune has advanced about 200 m in all across the forested beach
ridge topography (Heikkinen & Tikkanen 1987: 264), having apparently begun its
migration after forest fires. The Laakainperänpakka dune at Vattajanhietikko
(Tarkastajanpakka on the Basic Maps) has advanced about 150 m since the 1750's
(Alestalo 1971: 116). The sand surfaces of these dunes are still largely bare. Ley-
mus, Hieracium, Rumex acetosella and Festuca ovina are the characteristic species
of the F. ovina – Leymus communities on their windward slopes, and Ceratodon
purpureus, Polytrichum piliferum, Deschampsia flexuosa, Empetrum and lichens
are trying to invade the steep slipfaces (12–33o). Empetrum – Pleurozium commu-
nities are frequent on the forested leeward slopes.
There are residuals of old dunes in the foreground of the transgressive dunes at
both Kalajoki and Vattaja. Tall pines, young spruces, bird-cherry trees, alders,
rowans and junipers are growing on these island-like dune hills. Deflation has ex-
posed the root systems of the trees on the windward slopes and some trees have
fallen as their substrate has been eroded away. Both species of open dune meadows
(such as Leymus, Hieracium, Deschampsia, Calamagrostis epigejos, Festuca ovina
and Poa pratensis) and ones typical of the forest flora (such as Empetrum, Vac-
cinium vitis-idaea, Trientalis europaea and Linnaea borealis) occur together on
these dune remnants. Polytrichum species, Ceratodon, Dicranum and Pleurozium
are found in the moss layer.
Of the older dunes, only Tahkokorvanpakka in Kalajoki has retained its con-
nection with the modern beach zone, as it is continuously receiving new sand from
the deflation surface and the beach. Its vegetative cover bears similarities to that of
the incipient foredunes. The crest of this transgressive ridge is covered by lyme-
grass, although of a stunted aspect compared with that growing near the beach. The
soil acidity of the high crest of Tahkokorvanpakka (pH 5.4) indicates effective
leaching, and there is very little organic material in it. Aeolian transport has elimi-
nated the biotic factors which are harmful to lyme-grass and make the bare sand
surfaces of more stabilized dunes water repellent, which causes slope erosion
through increased overland flow.
Because of land uplift, the Tarkastajanpakka and Kommelipakka dunes of Vat-
tajanhietikko are now already located one kilometre away from the shoreline, and it
is unlikely that they could receive sand from the beach any longer over the inter-
vening deflation surfaces that are partly covered by meadow and partly by forest.
Even the colour of the dune sand has reverted to a yellowish shade. In the Monäs
dune field the older dune has lost its connection with the beach zone only during
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recent decades, as pine saplings have grown to cover the deflation surface dotted
by Racomitrium canescens. This deflation surface is 400 m across, and the old,
winding dune 3 m high has been formed on the distal side of it. Empetrum binds
the bluffs on its windward slope and its crest is covered by juniper thickets in
places.
The highest dune at Yyteri has not moved much from its place of formation,
and nowadays the younger dunes trap the aeolian sand. In spite of trampling, even
the windward slope of the older dune is mostly covered by vegetation. A more
widely spaced Deschampsia – Honkenya – Ceratodon community dominates in
places, and the flora of the windward slopes also includes Pinus sylvestris, Betula
pubescens, Alnus incana, Sorbus aucuparia, Juniperus communis, Rubus idaeus,
Ribes alpinum, Leymus arenarius, Festuca rubra, Calamagrostis epigejos, Poa
pratensis, Hieracium umbellatum, Rumex acetosella, Achillea millefolium, Sedum
telephium, Equisetum arvense, Tanacetum vulgare, Artemisia vulgaris, Epilobium
angustifolium, Stellaria graminea, lichens and mosses, even Pleurozium schreberi.
The vegetation cover of the very steep (40o in places) and high (17–18 m in
places) leeward slope is a luxuriant, dense patch of mesic, herb-rich forest (Fig.
15). Prunus padus, Salix caprea and Picea abies are present in the tree layer, while
Silene dioica, Milium effusum, Oxalis acetosella, Athyrium filix-femina and Vac-
cinium myrtillus in the herb layer indicate soil fertility. Besides Pleurozium, Hylo-
comium splendens is also abundant in the moss layer and the rotting tree trunks are
covered by Brachythecium species. The Deschampsia - Pleurozium community
occurring on the leeward slopes of the old dunes, at least to the south of Pietarsaari,
includes Trientalis europaea, Linnaea borealis, Maianthemum bifolium and Luzula
pilosa. This fertility of the leeward slopes can be partly explained by the moisture
distribution on dunes. Both rains and melting snow provide more water for the
leeward slope than for the windward one, while evapotranspiration is much more
powerful on the sunny windward slopes. It should be noted that all the leeward
dune slopes covered with mesic, herb-rich forest types consist of finer grain-sizes
than the slopes that are covered with dry pine forest. A finer sand has a better ca-
pacity for absorbing both moisture and nutrients, the litter of the deciduous trees is
continuously fertilizing the habitat, and the tree canopies are able to alter the mi-
croclimate. According to Sepponen (1985), the finer grain-size of the sorted forest
soils in northern Finland increases the amount of nutrients.
Successional sequence
The ecological succession of the Finnish coastal dune fields usually proceeds as
follows: The Honkenya peploides communities in the upper part of the geolittoral
zone are followed by Leymus arenarius foredunes. Hieracium umbellatum, Rumex
acetosella, Festuca species, mosses and lichens are in the process of invading the
intermediate dunes. On the more stabilized surfaces the Festuca species are re-
placed by Deschampsia flexuosa. As the pedological processes proceed, the dune
meadows change into Empetrum hermaphroditum heaths, and then, with the
growth of pine saplings, into dry Vaccinium or Empetrum – Vaccinium pine forest.
Reindeer mosses are often abundant in the forest edge ecotone.
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Fig. 57. A photograph of the Yyterinsannat dune field (Pori) taken by Lemberg
(1933: app. 2, fig. 4) in July 1927. Honkenya peploides and Festuca rubra are
abundant on the smooth sand field. Compare with Figures 10 and 51.
The succession has been clearly perceptible even during this research. On the
other hand, Christensen's (1989) results based on sample squares studied for 45
years in Denmark do not indicate any successional trends in the vegetation, so that
he claims that the zonation of the vegetation is not related to the age of the sub-
strate but probably to ecological parameters related to the distance from the sea.
The most important factors affecting the ecological and geomorphological succes-
sion at the present sites are the changes observed in soil characteristics: leaching
and the accumulation of organic matter as the sand surfaces stabilize. Moreno-
Casasola (1986) proposes that sand movement should be considered among the
most important factors that affect the distribution of plant communities on sand
dunes. It must be remembered, however, that before the recent forest invasion, the
dune coasts of Finland, too, remained open for over one hundred years, and yet
clear successional trends in the vegetation can be detected during this period (Figs.
31, 57) and many sand surfaces have stabilized. It was proposed earlier that com-
petition and the age of the plant population are important factors explaining the
distribution of the flora in the pine-dominated forests of Finland (Tonteri et al.
1990).
The material deposited on the beaches by storms confuses the successional zo-
nation. The flora preceding the storm reacts, but partly survives, and the water re-
pellency of the sand surfaces on the intermediate dunes is also retained. This may
be due to the rapid spread of fungal hyphae in the sand.
While comparing the ecological succession of the Finnish dune coasts with data
from other European countries collected during the European sand dune inventory
(Doody 1991), it can be seen how Ammophila arenaria becomes more frequent in
the south. Corynephorus canescens is also a southern species on dune meadows,
but it does not occur in Finland, being replaced by Deschampsia flexuosa. Neither
do we have coastal heather heaths, as Calluna vulgaris is abundant only in the for-
est vegetation and on inland heaths. Empetrum hermaphroditum is the main dwarf
shrub of the windy coastal heaths in Finland, and heather grows in any quantity
only in the southern part of the Herrainpäivät area of Yyteri, which is now rapidly
being invaded by pine forest.
In the boreal zone, Sweden and Norway, the plant communities on coastal
dunes are quite similar to those in Finland (Doody 1991). Generally speaking, it is
the climate which in the first instance determines the boundaries of the distribution
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of individual species and plant communities. When considering all the coasts of
Finland, geographical location in a north-south direction is of obvious significance.
The climatic factors which coincide most closely with the vegetational zone
boundaries of Finland are length of the growing season, temperature sum during
the growing season (threshold +5 oC) and potential evapotranspiration Tuhkanen
(1980: 88).
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Differences between areas
The median grain size of the aeolian material in the coastal dune fields of Finland
varies between 0.15 and 0.56 mm. This material is usually well or very well sorted.
The coarsest and most poorly sorted aeolian material is found in the hummock
dunes surrounded by deflation surfaces, which are covered with coarse grains, and
from the transgressive dunes which have accumulated on the distal sides of these
surfaces. The earlier literature (e.g. Uusinoka 1984: 19) mentions that the grain-
size distribution of dune sand is often skewed towards the small fractions, but this
is not a general rule, as the grain-size parameters of aeolian deposits vary from
place to place in accordance with the characteristics of the source material (cf.
Carter 1988: 308).
On the grounds of the grain-size of the material, the steepness of the coastal
profile, the coastal sediment budget and soil moisture, the ecological and geomor-
phological succession of the Finnish coastal dune fields can be divided into the
following types:
1. The material is silt or very fine sand and the coastal profile is very gentle.
Successive parallel dune ridges alternate with damp depressions or damp, grazed,
flat deflation surfaces. The older dune ridges, i.e. intermediate dunes, have been
lowered or broken down into separate hummocks. The dune fields of Hailuoto, the
Tauvo Peninsula, Letto at Kalajoki and the Karhuluoto area at Yyteri belong to this
type, and the successive beach ridges at Yrjänä south of Tauvo do not differ much
from it, other than in the fact that the depressions separating the ridges are filled
with water, which limits the aeolian processes. On all these beaches the sediment
budget is positive.
Agrostis stolonifera is frequent on damp coastal sand plains, while landward of
the foredunes bound by lyme-grass, the most common grasses are Festuca rubra
and Deschampsia flexuosa. Festuca ovina grows on the grazed deflation surfaces.
In addition to Empetrum, both Juncus balticus and Salix repens are common on the
damp surfaces, which are also rapidly covered by mosses.
2. The coastal profile is quite gentle, but the sand surface behind the foredunes
is so far above sea level that no extensive damp surfaces can occur. The material of
these beaches varies from silt to coarse sand. The beach is bordered by a foredune
consisting of only one ridge or several successive or partly overlapping ridges. If
the coastal dune meadows were grazed earlier, there is a broad, dry sand flat on the
distal side of the modern foredune. Deflation bowls may occur on ungrazed
beaches, as at Yyteri.
If the coastal sediment budget is clearly positive and the beach is rapidly pro-
grading seaward, the foredunes will be successive parallel ridges. If the sediment
budget is only moderate and the shoreline remains in the same place for a long
time, then the beach will be bordered by only one high foredune. If the coastal
sediment budget is almost in balance or negative, the windward slope of the fore-
dune will be steepened by marine erosion. With a negative sediment budget the
foredune is covered with blowover layers and a flora which indicates that leaching
of the soil has been going on for a long time. In Kalajoki the coastal profile has
been steepened during this century as a consequence of the rapid rate of land uplift.
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In accordance with this, coasts on which the grain-size and steepness are most fa-
vourable for aeolian processes (not so gentle that the soil would be damp nor too
coarse-grained and steep) can be divided into the types (Fig. 1) proposed by Carter
(1990), but seaward dipping beds occur usually only on the seaward slopes and
landward dipping beds dominate.
On these coasts the Honkenya communities are followed by Leymus dunes and
then by dune meadows with mosses and lichens. The most frequent grass is Des-
champsia flexuosa, while Festuca ovina grows on grazed areas. As the soil be-
comes more acid, a meadow can change into an Empetrum heath.
3. The coastal profile is steep and the material is quite coarse. The foredune is
often replaced by a beach ridge or berm deposited by the combined action of winds
and waves. Landward from this, a dry deflation surface is dotted by hummock
dunes. Hyypiänhiekat at Virolahti, Lappohja and Kolaviken on the Hanko Penin-
sula, Padva and Koppana belong to this type. These beaches have only a limited
amount of material suitable for aeolian transport.
The shore face is often covered by a thick carpet of Honkenya. The beach ridge
is bound by Leymus arenarius, and also by Elymus repens and other grasses in the
south. Festuca ovina predominates on the dry deflation surface, but on the Hanko
Peninsula it is replaced by F. polesica. The sand surfaces feature patches of lichens
and mosses, Arctostaphylos uva-ursi and Empetrum hummocks.
4. On rocky coasts aeolian accumulation is usually restricted only to the forma-
tion of isolated dune hummocks or one foredune. Festuca rubra and Juncus balti-
cus grow on the shores of Pietarsaari. The tombolos of the Hanko Peninsula are
covered by flowering, lichen-rich meadows.
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Need for conservation
Only a small proportion of the Finnish coast consists of material suitable for aeo-
lian transport. The open plant communities of these beaches cover together only
about 1300 ha, and this area is continuously diminishing. Endangered species occur
in these rare habitats. One species classified as seriously threatened in the Finnish
report (Uhanalaisten eläinten ja kasvien seurantatoimikunnan mietintö 1991) is
Aegialia arenaria, a small beetle that lives in the root systems of Ammophila are-
naria at Lappohja (Veikkolainen 1995). The life of endangered insects often de-
pends on an endangered plant species. Artemisia campestris, Elymus farctus, Poly-
gonum oxyspermum, Salsola kali, Stereocaulon incrustatum and Sphingonotus co-
erulans are endangered species which occur on sandy beaches, while the grass
Ammophila arenaria, the ant Lasius meridionalis and the bug Phimodera humer-
alis and many other insects inhabiting the sandy coasts are classified as rare. Carex
arenaria, Thymus serpyllum, Juncus balticus, Coelocaulon aculeatum and Cetraria
nivalis are the provincially threatened species. The coastal dune fields also have
their own mushrooms, with several rare species (Eriksson 1965) which have
adapted to this dry, windy and poor habitat.
The reason for the above species being threatened or endangered is usually
building or trampling in coastal areas, or sometimes the adverse effects of chemi-
cals or  invasion of the meadows by forest. As far as birds classified as threatened
in Finland are concerned, Calidris alpina schinzii is suffering from disappearance
of earlier dune meadows caused by forest and reedbed invasion, while many suit-
able nesting sites for Sterna albifrons have been destroyed by building on sandy
beaches for the purposes of tourism (Elo 1992: 168, 178).
A lively tourist centre has been built in the Hietasärkät dune field at Kalajoki
over the last ten years, and accomodation services have also been built at Yyteri
and on Hailuoto. A large part of the Yyteri area has been levelled to provide a golf
course, and there were once plans to build a winter sports centre on the Keisarin-
pankki dune (Satakunnan Kansa 1989), but these were obviously abandoned on
account of the economic depression. The district of Lohtaja would also like to have
its share of the income from tourism, and at least a part of the Vattajanhietikko
dune field could be given over to this use (Hujanen 1990). The large-scale building
of tourist centres and the subsequent intensive trampling inevitably destroy the
plant communities and impoverish the flora. The same result has been achieved on
the shores of Padva and Pietarsaari by harrowing.
Summer cottages have been constantly increasing in numbers on all the coasts.
These reduce the areas of coast in a natural state, and also detract from public ac-
cess to the coasts (c.f. Nordberg 1996). At Padva, for example, the vegetation has
been preserved quite well around the cottages. A society for recreation areas in the
province of Uusimaa bought the shore of Lappohja in summer 1995, including a
beach that belongs to both the esker and coastal protection programmes, so that no
substantial building is allowed. When an international scout camp was arranged in
this area in summer 1996, efforts were made to protect the most vulnerable slopes
and Ammophila communities.
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Of all the Finnish coastal dune fields, only Tulliniemenhietikko, Vedagrundet
and Henriksberg on the Hanko Peninsula and some parts of the Tauvo Peninsula in
Siikajoki are nature reserves, while Lappohja and the delta of the Kalajoki river
belong to the coastal conservation programme. In the Tulliniemi area the conser-
vationists have had a violent battle against the spread of storage areas for the har-
bour into a nature reserve that was founded in 1933 (Keynäs et al. 1993). Some
kind of agreement was achieved in autumn 1995, and obviously those parts of the
dune field that are still left will be protected from building (Saavalainen 1995).
One very characteristic feature of the public discussion is summed up in what the
supervisor of nature conservation affairs said: ‘I wonder if any kind of natural state
can be lost in a flat sand field’ (Demari 1990, cit. Keynäs et al. 1993). This demon-
strates that protection can only be given to things that are commonly known. The
highly vulnerable dune landscapes are not even mentioned in the folio of the Atlas
of Finland (1988: folio 143) which deals with nature conservation. Until the latest
proposal for a law, the status of the protection areas in the coastal dune fields has
been connected with the protection of either eskers or bird life.
Only a small amount of research work has been carried out concerning the
coastal dunes of Finland so far, and the only exact inventory has been made of the
threatened insects of the dry meadows and sand fields of the Hanko Peninsula. EU
international recommendations seem to be having some effect in Finland, however,
and unspoiled sandy beaches and treeless sand dunes have now been proposed as
areas for special protection. Thus many coastal dune fields are included in the sug-
gestions for the European ecological network of special areas for conservation un-
der the Natura 2000 programme. On the other hand, the new conservation pro-
grammes based on biodiversity do not take into account the limited flora and fauna
of the dry, poor habitats prevailing on unspoiled coastal dune fields.
Many coastal dune fields such as Padva, Monäs, Vattajanniemi and Hailuoto
belong to the esker protection programme or the more recent coastal protection
programme. Only building and digging are regulated in esker protection areas,
while the areas in the coastal protection programme should remain free of building,
but these regulations are not enough for the protection of endangered plant and
animal species. On the other hand, excessively powerful conservation might also
be harmful to coastal meadows threatened by forest or reedbed invasion. Many of
the endangered species are pioneer ones which need an open habitat in order to
survive, so that trampling and grazing, if not too intensive, will maintain the diver-
sity of the fauna and flora. Many plants such as Thymus serpyllum have declined in
frequency as the meadows have developed a forest cover. The military areas of
Vattaja and Hanko feature old plant communities and bare sand surfaces side by
side, a land-use pattern that favours the dune plants.
The most important areas for protection are the coasts of the Hanko Peninsula,
especially Tulliniemi and Lappohja, because of their rare southern flora and fauna.
At Padva the calcium content of the soil affects the flora. Many endangered species
are found on the vast sand fields of Yyteri, and the dense patch of mesic, herb-rich
forest on the leeward slope of the Keisarinpankki dune is unique. Vattajanhietikko
is significant because of its immense size. The most unspoiled dune coasts are to be
found on the Tauvo Peninsula, while the effect of grazing can be seen on Hailuoto.
Even minor areas are valuable when we are dealing with a rare habitat, as they in-
crease the possibilities for threatened species to spread and survive.
As explained earlier, old dunes are highly vulnerable if they lose their vegeta-
tive cover, as water erosion is very powerful on such surfaces. For this reason spe-
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cial attention should be paid to the protection of the vegetation if one wishes to
preserve the old dunes.
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Conclusions and summary
The topic of this work is the coastal dunes and their vegetation in Finland, their
development and the factors affecting this during the last 100 years. These sites
and biotic communities are especially interesting because of their continuously di-
minishing area, and are rendered unique by land uplift and the brackish water of
the Baltic. Only a small number of species can survive the poverty of the soil and
the severity of the microclimate. The sites were studied by transect analysis, and
their current state was compared with that at the beginning of this century. During
this time the dunes have stabilized, as grazing on the dune meadows has ended and
the climate has been slightly damper than earlier. Strong winds have been frequent
in the 1990's, and these have moulded the beaches. Because of the rise in sea level
and the more frequent strong SW winds, shoreline displacement has already re-
verted to a transgressive régime on the southern coasts of Finland. In view of the
simultaneous increase in sea erosion and deflation on all the dune coasts, the rea-
son for this must be climatic.
Aeolian transport of sand is most pronounced during autumn storms, although it
can also be detected at other seasons. Sublimation in late winter releases sand
grains on the dune crests for wind transport, and the water flowing down the frozen
distal slopes forms sand tongues on the snow.
The coastal dunes of Finland have been formed on the slopes of glaciofluvial
formations as the land has risen above the sea. The characteristics of the source
material have a clear effect on the aeolian material, the median grain-size of which
varies between 0.15 and 0.56 mm and it is well or very well sorted. The coarsest
and most poorly sorted aeolian material was found in the hummock dunes of the
deflation surfaces and the transgressive dunes on the distal sides of these surfaces.
The finest-grained material was found in the parallel dune ridges of the very gently
sloping beaches. The skewness of the grain-size distributions of the aeolian mate-
rial is often near normal or slightly skewed in the direction of the coarser material.
The foredunes forming nowadays on the coasts of Finland are typical transverse
coastal dunes, varying in height between 0.5 and 8 m, but usually about 2 m high,
and occurring either alone or in swarms, in parallel or partly overlapping. The
windward slopes of the foredunes (5o–15o) are usually more gentle than the leeward
slopes (15o–35o), but may also be steepened into bluffs by wave or wind erosion.
Small embryo or lee dunes may occur on the beach. Active slipfaces have been
formed leeward of the most trampled blowouts. Low sand tongues occur leeward
of the smaller wind-scoured gaps. Broad deflation flats are dotted with separate
hummock dunes.
The most important factor affecting beach development regionally is the grain-
size of the source material, which controls the steepness of the beach. The beach
profile in turn affects the characteristics of the approaching waves, which may be
either eroding or accumulating. The beach slope affects the breadth of the sandy
flats that are left above the water level at times of low water, and thereby the sup-
ply of sand for aeolian transport. The beach slope also affects the moisture content
of the soil, which in turn regulates the development of the vegetation.
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The broad coastal sandy flats are characterized by longitudinal bars and swash
bars running parallel to the shore, and material moves from these formations to the
beach. Prograding beaches are only gently sloping and consist of fine material,
providing suitable conditions for the formation of parallel dune ridges. The mate-
rial of these ridges may be almost entirely aeolian, or else aeolian material may
alternate with washover beds. These ridges may be formed quickly during one
storm, apparently when it is calming down, or gradually over a longer period of
time. Ridges over one metre high that consist of fine material are mainly built by
the wind.
Small cusps characterize beaches on which the sediment budget is either nega-
tive or in balance. The form of the beach affects the local sediment budget, in that
arcuate embayments effectively trap material, while material can be transported
away from straighter streches. The highest foredunes are formed on beaches where
the sediment budget is in balance and the shoreline remains at the same place for a
long time. This suggests that the classification of the Irish coastal dune topography
presented by Carter (1990: 34, fig. 3), depending on the local sediment supply, is
also valid for the coasts of the Baltic in spite of the yearly ice cover and the insig-
nificant tides.
When the material of a beach is so coarse that there is only a small supply of
grains suitable for aeolian transport, the beach slopes more steeply and the fore-
dune is replaced by a low beach face berm deposited by waves and winds together.
Landward of this ridge there are shield like hummock dunes bound by dwarf
shrubs. The manner and speed of growth of the dune forming plants affects the size
and the topography of the dunes.
In the following scheme the coastal morphodynamics are added to the topo-
graphic/morphological sediment budget matrix proposed by Psuty (1992: 4–6). On
the coasts studied by him the sediment supply depended on the beach drift. In the
coastal dune fields of Finland grain-size, beach slope and the rate of land uplift are
the most important factors affecting the sediment supply. The significance of beach
drifts is very local, but it can be seen clearly at Yyteri, for example.
When the beach budget is highly positive, the beach progrades rapidly and only
beach ridges or low, parallel foredunes are formed. Such beaches belong to the dis-
sipative domain, with very gentle slopes and fine grain-sizes. The high erodibility
of silt and fine sand leads to smoothing out of the beach and the dunes. When the
shoreline is displaced more slowly there is more time for sediment accretion, and
higher, parallel foredunes are formed.
As shoreline displacement slows down further, as in the middle part of Yyterin-
sannat, only one high foredune ridge is formed. These beaches belong to the inter-
mediate domain, with a slightly coarser material and steeper beach profile than in
the dissipative domain. As a beach is eroded, the foredunes grow higher and
blowover beds are formed. The dunes of the northern part of Yyterinsannat and of
Tulliniemi in Hanko have been formed in this way. A foredune may grow higher as
a result of marine erosion, but protracted erosion will lower it. A foredune may
totally vanish or be replaced by separate hummock dunes, as has happened on the
Hietasärkät dune field at Kalajoki. Powerful waves deposit coarser material onto
the beach, and the beach profile also becomes steeper. On the other hand, as the
foredunes are eroded, the material is moved to the bars and the beach becomes
gentler and shallower. Of the sites studied here, only the Tulliniemi beach in
Hanko belongs to the reflective domain most of the time.
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The formation of spits, tombolos and lagoons is an essential part of the devel-
opment of sandy beaches. The depressions between dunes are sometimes lagoons
invaded by peat bogs, sometimes dune slacks formed by marine erosion followed
by aeolian accumulation, and sometimes areas moulded by deflation. Heavily
trampled beaches feature vast deflation flats and bowls with flat topped erosion
remnants. The broadest deflation flats are formed as a result of grazing by sheep.
Based on the data collected here, the vegetation cover can be added (Fig. 58) to
the model of sediment supply and dune topography presented by Carter (Fig. 1).
This matrix of dune geomorphology as a product of sediment supply and vegeta-
tion cover is suitable for all the coastal dune fields in Finland. The grain-size of the
source material and the gradient of the shore will have affected the sand supply
when the coastal dunes that are now lying inland, far from the modern beaches,
were formed. Shoreline displacement will have been rapid on the gentler, lower
slopes of the glaciofluvial formations, leading to the formation of swarms of par-
allel dune ridges or lower beach ridges.
Dune ridges can be broken down not only by marine erosion and deflation, but
also by trampling, which destroys the vegetation, and they can be smoothed out as
a consequence of the easily erodible grain-size of their material, storms filling the
dune slacks, water erosion, deflation and trampling, which intensifies the latter two
factors. Lowering down of the intermediate dunes behind the incipient foredune
can be brought about by changes in the soil and vegetation accelerating water ero-
sion.
Some plant species that are classified as threatened in Finland belong to the
wrack flora, so that even small sandy beaches are important for the survival. Honk-
enya peploides, Agrostis stolonifera, Cakile maritima and Lathyrus japonicus often
grow on the windward slopes of foredunes. The pH of the sand near the shoreline
is always over 6, but a higher calcium content was found only at Padva, and even
there the soil is rapidly leached further away from the shoreline.
The most important factors affecting the time-succession of the geomorphology
and plant communities behind the beach zone are pedological processes. Behind
the foredunes Leymus arenarius becomes sterile, and the amounts of pathogenic
and hydrophobic micro-organisms, especially fungal hyphae, increase in the soil.
This and the discontinuity of vegetation cover cause an acceleration of water ero-
sion and intensified deflation. The pH of the soil in the zone of intermediate, low-
ering dunes is below 5.9, and the dunes are covered by mosses (especially Cerato-
don purpureus and Polytrichum piliferum), Cladonia lichens, Festuca species, Hi-
eracium umbellatum and Rumex acetosella. The grain-size of the material also af-
fects the ecological succession, with Agrostis stolonifera and Festuca rubra fre-
quent on fine material, usually with a higher moisture content, and Festuca ovina
most frequent on coarser, drier material and in grazed areas. The Festuca species
are replaced by Deschampsia flexuosa on stabilizing sand surfaces.
As leaching continues the amount of soluble phosphorus diminishes and the soil
becomes more acid, so that the dry dune meadows (pH 5.5–5.7) are replaced by
Empetrum hermaphroditum heaths (pH 5.2–5.4). Racomitrium canescens often
grows over the pioneer mosses. The damp heaths are characterized by Salix repens,
Juncus balticus and a continuous moss cover. As the pine saplings grow, the dune
heaths are invaded by forest, so that the deflation flats which were open grazing
land at the beginning of this century are rapidly becoming pine forest. With the
increase in organic matter and humic acids in the soil, weathering of the sand
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grains releases plant nutrients, and as the soil becomes more acid the solubility of
plant nutrients, especially phosphorus, increases.
Fig. 58. The current Finnish coastal dune topography as a function of beach sand
supply and vegetation cover.
Sand movement prevents the ecological succession and the accumulation of or-
ganic matter in the soil, although the sand may become more acid because of
leaching. The effect of exposure on the distribution of the vegetation is most obvi-
ous on the older dunes that are partly covered by forest, and grain-size also has its
effect on the older dunes. Finer sand can absorb moisture and nutrients and can
maintain a herb-rich forest on the leeward dune slopes.
One part of the flora of the coastal dune fields in Finland has a clear southerly
distribution and another part a northerly distribution. The flora of the southern
Hanko Peninsula differs most obviously from that of the other coasts, especially in
the replacement of Festuca ovina by F. polesica. The nutrient-poor, vulnerable
nature of the habitat has an effect on the flora of the coastal dune fields which pos-
sess many northerly characteristics, and some species characteristic of peat bogs
can be found on these. The most important factors affecting the ecological succes-
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sion on the Finnish coastal dune fields are geographical location, soil moisture,
sand movement, time, pedological processes and distance from water line.
Almost completely untouched coastal dunes can be found in Finland only in the
protected areas of the Tauvo Peninsula and in the archipelago, although patches
where human influence has been insignificant can also be seen here and there in
private areas around summer cottages and in military areas. Around tourist attrac-
tions, on the other hand, intensive trampling is destroying the vegetation cover and
causing erosion and impoverishment of the flora. If the trampling is not intensive
or continuous, however, it may create new habitats for the endangered pioneer spe-
cies. Old dunes should in any case be protected against destruction of their vegeta-
tive cover, as bare sand surfaces on these are especially vulnerable to water ero-
sion.
Besides construction, trampling and forest invasion, the coasts of Finland are
threatened by eutrophication caused by water and air pollution. Many sandy shores
on the Gulf of Bothnia have acquired a continuous vegetative cover that has
brought aeolian activity to an end, but elsewhere, e.g. at Vedagrundet near the town
of Hanko and at Vihaspauha in the Kalajoki district, sand is accumulating to form
new coastal dunes.
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Epilogue, geoecological inter-
relationships
The interrelationships between the different factors affecting coastal dune fields are
numerous and complicated, as is commonly found to be the case in geoecological
studies. For this reason, the dynamic factors that cause changes in the Finnish
coastal dune areas are classified in a matrix of landscape evolution (Fig. 59). All
the factors in this classification are dynamic, i.e. they are constantly changing.
Even geographical location is changing as a consequence of plate tectonics.
Any piece of research work is bound to a certain time span, and for this reason
regional differences and distributions are important factors, too. The dynamic clas-
sification does not include the primary static characteristics of individual sites, and
thus the factors, that cause regional differences in the coastal dune fields of Finland
are classified in a matrix of geographical location (Fig. 59). A certain type of soil,
climate or land use pattern is usually connected with a certain plant community and
fauna. Static factors form combinations, regional types, that occur repeatedly under
comparable conditions. Areas of different sizes, from a global scale to a small eco-
system, can be chosen as an object of study. Climates, for example, may be global
climatic types or the microclimates of dune slopes of different aspect. Certain cli-
mates are combined with certain vegetation and soils. Since the topic of this work
is the coastal dune fields of Finland, the climatic differences are those prevailing
between the latitudes 59o48' and 65o45' N.
The static characteristics and dynamic development of each site are very closely
bound together. The aim in physical geography is to study different geographical
locations and processes in order to reach conclusions and construct predictive
models based on the regularities observable in the empirical findings.
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Fig. 59. Matrices depicting coastal dune landscape evolution and regional differ-
ences in the coastal dune fields of Finland. Each factor affects all the others in a
geographical interaction network of this kind. The static characteristics of a site
and its dynamic development are closely bound together.
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Appendix 1.
Map of coastal weather stations (Tables 1 and 2).
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Appendix 2.
Grain-size parameters and grain-size distributions (in weight per cent) for the sand
samples (taken at a depth of 5–10 cm, or 0–2 cm in lag deposits).
Abbreviations for the samples: The first number refers to the sites in Figure 3.; B =
berm, R = berm with thin aeolian veneer, E = embryo dune, D = foredune, S =
dune slack, H = hummock dune, F = deflation surface or flat shore deposit, C =
cover sand, T = transgressive dune, O = other old dune; i = intermediate dune, t =
windward slope, l = ridge crest, s = leeward slope, lag = lag deposit.
Grain-size parameters Grain-size distributionsSite and
sample Md (mm) Mz Sd Sk KG <1 mm <0.25 mm <0.06 mm
1B 0,26 1,817 0,488 -0,125 1,080 99,94 38,68 0
1H 0,31 1,642 0,541 -0,053 0,984 99,80 25,78 0
2B 0,40 1,350 0,452 2,122 1,025 99,88 8,76 0
2H1 0,29 1,817 0,492 0,019 1,099 99,96 32,88 0,38
2H2 0,27 1,975 0,455 0,187 1,107 99,98 35,74 0,26
2O 0,33 1,550 0,344 0,021 1,157 99,94 9,64 0
3B 0,25 2,000 0,629 -0,158 0,809 99,78 51,40 0,44
3H1 0,30 1,725 0,510 -0,089 1,144 99,94 31,96 0,42
3H2 0,38 1,417 0,510 -0,020 1,017 99,98 12,80 0,06
6R 0,40 1,358 0,784 -0,101 0,837 96,96 22,64 0
6H 0,40 1,317 0,718 -0,157 0,868 96,84 25,52 0,70
7B 0,27 1,875 0,333 -0,011 0,971 100,00 37,18 0
7D 0,27 1,850 0,415 -0,073 1,025 99,96 39,98 0
7F 0,30 1,717 0,460 -0,120 1,059 99,92 28,46 0
7H 0,30 1,683 0,466 -0,003 1,569 99,96 24,40 0
8B1 0,17 2,492 0,391 -0,360 1,961 99,80 89,48 0
8B2 0,19 2,400 0,265 -0,041 1,379 99,88 92,66 0
8R 0,30 1,675 0,558 -0,148 1,184 99,86 27,56 0
8F 0,65 0,800 0,682 0,251 0,384 73,66 19,09 0,02
8H 0,29 1,683 0,687 -0,265 0,960 99,20 40,38 0,46
9B1 0,35 1,525 0,601 0,112 1,145 99,94 20,06 0,32
9B2 0,27 1,992 0,703 0,108 0,757 99,98 45,62 0,38
9D1s 0,18 2,400 0,456 -0,515 0,791 100,00 77,94 0,36
9D2i 0,16 2,516 0,416 -0,375 1,112 99,98 85,24 0,36
9B3 0,27 1,917 0,715 0,030 0,801 100,00 43,80 0,48
9D3 0,16 2,574 0,256 -0,220 1,135 99,98 95,34 0,08
9D4i 0,17 2,450 0,378 -0,347 1,122 100,00 85,54 0,19
9O 0,20 2,180 0,533 -0,319 1,032 99,98 66,52 0
9B4 0,34 1,675 0,722 0,212 0,878 99,84 29,66 0,56
9B5 0,29 1,792 0,580 -0,068 1,044 99,70 37,02 0,36
9D5 0,22 2,125 0,472 -0,329 1,016 100,00 64,42 0,21
9H1 0,25 1,983 0,647 -0,107 0,942 99,92 49,74 0,46
9C 0,19 2,333 0,383 -0,161 0,976 100,00 78,60 1,30
9B6 0,40 1,317 0,527 0,058 0,888 99,40 11,00 0,12
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Grain-size parameters Grain-size distributionsSite and
sample Md (mm) Mz Sd Sk KG <1 mm <0.25 mm <0.06 mm
9D6 0,27 1,942 0,391 0,204 1,016 99,98 38,32 0,34
9H2 0,25 2,000 0,457 0,017 0,880 99,99 49,23 0,37
9F 0,29 1,692 0,800 -0,215 0,907 96,86 40,58 0,52
9T1l 0,26 1,958 0,498 -0,024 1,017 99,98 47,78 0,56
9B7 0,37 1,400 0,590 -0,037 0,961 99,68 15,48 0,45
9D7 0,30 1,742 0,425 0,065 1,043 100,00 25,82 0
9B8 0,33 1,633 0,436 -0,055 1,099 99,90 20,34 0,26
9D8 0,25 2,033 0,373 0,158 0,958 100,00 51,68 0,24
9T2t 0,24 2,033 0,476 -0,050 0,993 99,98 53,42 0,34
9T3l 0,27 1,925 0,436 -0,008 1,051 99,88 44,16 0,54
9B9 0,27 1,933 0,418 -0,003 0,998 99,96 41,82 0,22
9B10 0,27 1,933 0,374 0,027 1,045 99,98 42,38 0
9D9 0,24 2,075 0,343 0,121 0,992 100,00 56,54 0,18
10B 0,26 2,008 0,421 0,086 0,980 100,00 47,19 0,18
10Dl 0,28 1,858 0,398 0,016 1,054 99,90 35,54 0
10F 0,28 1,858 0,406 -0,002 1,093 99,96 34,26 0,30
11B1 0,19 2,225 0,548 -0,193 0,808 100,00 64,26 0,38
11B2 0,17 2,458 0,513 -0,450 1,212 99,98 80,64 0,31
11E 0,15 2,690 0,322 -0,248 1,204 100,00 95,58 0,20
11D1 0,16 2,625 0,275 -0,177 1,038 100,00 96,61 0,21
11D2i 0,15 2,683 0,343 -0,294 1,229 99,99 94,16 0,32
11S 0,17 2,508 0,422 -0,333 1,062 100,00 85,83 0,22
11H 0,16 2,592 0,405 -0,265 1,343 100,00 89,94 0,40
11F 0,17 2,433 0,509 -0,227 1,063 100,00 79,92 0,52
12B 0,30 1,666 0,758 -0,558 1,035 97,90 36,72 0,24
12Ds 0,25 1,967 0,579 -0,128 1,018 99,98 50,68 0,59
12Tt 0,27 1,867 0,631 -0,123 1,012 99,58 43,46 0,72
13B 0,17 2,475 0,313 -0,299 1,175 100,00 90,80 0
13D1 0,21 2,208 0,476 -0,050 1,033 100,00 68,82 0,18
13D2i 0,23 2,067 0,528 -0,119 1,063 99,88 58,72 0,64
13O 0,24 2,033 0,482 -0,136 1,033 99,72 56,82 0,38
13H 0,20 2,292 0,343 -0,062 1,047 100,00 80,94 0
14B 0,21 2,192 0,590 -0,395 1,657 98,90 71,74 0
14D 0,23 2,083 0,477 -0,168 1,066 100,00 61,64 0
14H1 0,20 2,275 0,402 -0,167 1,073 100,00 78,10 0
14H2 0,33 1,583 0,656 -0,042 0,930 99,76 28,98 0
15B 0,30 1,650 0,518 -0,233 1,047 99,86 28,44 0
15Dt 0,24 2,083 0,378 0,036 1,122 100,00 59,78 0
15Ds 0,26 1,933 0,417 0,025 1,151 99,98 43,34 0,52
15H 0,31 1,658 0,446 -0,171 1,118 99,98 22,10 0
15Tt 0,44 1,150 0,671 -0,001 0,850 98,10 20,62 0,74
16T1t 0,35 1,333 0,814 -0,310 0,900 92,76 22,04 0,76
16T2s 0,31 1,658 0,632 -0,132 1,101 99,02 31,34 0,66
16T3t 0,38 1,275 0,808 0,294 0,828 93,48 19,22 0,94
16T4s 0,35 1,492 0,544 -0,095 1,003 99,76 18,12 0
16B 0,21 2,283 0,354 0,008 1,116 99,80 79,76 0
16E 0,32 1,681 0,430 0,099 1,016 99,98 23,20 0
16D1 0,41 1,325 0,741 0,091 0,768 99,38 23,04 0
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Grain-size parameters Grain-size distributionsSite and
sample Md (mm) Mz Sd Sk KG <1 mm <0.25 mm <0.06 mm
16D2i 0,22 2,050 0,667 -0,379 0,938 99,54 60,14 0,12
17B 0,29 1,808 0,303 0,022 1,076 99,96 26,32 0
17D 0,27 1,892 0,353 0,089 0,963 100,00 39,41 0
17H 0,30 1,708 0,499 -0,092 1,088 99,88 29,36 0,50
17F 0,30 1,400 1,203 -0,445 1,084 83,35 36,26 0,74
18B1 0,35 1,517 0,477 -0,021 1,109 99,96 15,42 0
18D1 0,28 1,858 0,366 0,025 1,053 99,98 37,08 0,24
18B2 0,28 1,850 0,567 -0,058 1,127 99,64 37,30 0,40
18F1 0,37 1,425 0,698 0,011 0,992 98,88 21,06 0,58
18H1 0,28 1,750 0,832 -0,272 0,993 95,98 44,94 0,54
18H2 0,29 1,775 0,541 0,063 0,984 99,96 35,70 0,52
18T1l 0,36 1,408 0,777 -0,069 0,873 97,48 25,04 0,30
18B3 0,59 0,808 0,530 -0,176 0,975 96,54 2,66 0
18E 0,31 1,648 0,590 -0,136 0,956 99,84 30,18 0,50
18H3 0,47 1,100 0,642 0,075 1,049 98,08 9,94 0,48
18F2lag 1,00 0,242 1,040 0,316 0,976 49,54 6,54 0,38
18T2tF 0,32 1,625 0,554 -0,019 1,127 99,80 23,98 0,36
18T3l 0,42 1,250 0,687 0,028 0,912 98,34 14,34 0,34
18T4s 0,39 1,375 0,647 0,029 1,025 99,38 16,66 0,32
18B4 0,39 1,541 0,980 0,179 0,636 99,38 35,90 0,48
18F3 0,27 1,892 0,619 0,001 0,948 99,60 44,78 0,62
18H4 0,38 1,283 0,898 -0,108 0,805 92,34 23,58 0,50
18F4lag 0,79 0,692 0,859 0,301 0,985 68,72 7,22 0,39
18F5tlag 0,61 0,892 0,941 0,205 0,806 76,50 13,52 0,16
18T5t 0,48 1,168 0,889 0,239 0,681 94,50 21,50 0,48
18T6l 0,47 1,125 0,677 0,118 0,949 97,66 11,52 0,71
18T7s 0,36 1,458 0,619 -0,001 1,175 99,12 17,74 0
19F 0,23 2,058 0,523 -0,125 0,947 99,92 56,22 0,38
19D 0,19 2,375 0,333 -0,078 1,085 100,00 87,60 0,14
20R 0,20 2,258 0,457 -0,078 0,914 100,00 71,34 0,46
21B1 0,20 1,958 0,819 -0,556 0,944 99,14 66,58 0,27
21B2 0,20 2,233 0,491 -0,279 0,977 100,00 72,66 0,20
21D1 0,21 2,175 0,457 -0,165 0,914 100,00 66,57 0,28
21D2s 0,23 2,075 0,577 -0,246 1,134 100,00 58,20 0,40
21H 0,19 2,400 0,358 -0,196 1,138 99,92 86,06 0,22
22Ds 0,17 2,558 0,231 -0,016 1,040 100,00 97,43 0
23B 0,57 0,817 0,373 0,044 0,956 98,67 0,33 0
23R 0,50 0,917 0,589 -0,148 0,880 94,76 2,74 0
23H 0,56 0,833 0,484 0,062 0,878 96,88 1,16 0,30
24B 0,16 2,600 0,336 -0,360 1,181 99,99 91,87 0,28
24D1 0,21 2,067 0,471 0,004 0,911 100,00 68,10 0
24D2s 0,24 2,203 0,477 -0,232 0,926 100,00 55,18 0,36
24S 0,25 1,967 0,564 -0,133 0,935 99,88 50,20 0,34
24H 0,22 2,158 0,475 -0,154 0,893 100,00 63,34 0,30
25B1 0,16 2,675 0,198 0,000 0,951 100,00 99,90 0,04
25B2 0,14 2,800 0,170 0,060 1,281 100,00 99,82 0,12
25F1 0,15 2,517 0,614 -0,704 2,459 98,80 82,98 0,88
25E 0,26 1,908 0,710 -0,142 0,946 99,76 46,24 0,30
157
Grain-size parameters Grain-size distributionsSite and
sample Md (mm) Mz Sd Sk KG <1 mm <0.25 mm <0.06 mm
25D1 0,17 2,425 0,441 -0,368 0,973 99,96 82,16 0,39
25D2s 0,17 2,483 0,408 -0,316 1,073 99,98 85,76 0,32
25D3i 0,24 1,983 0,653 -0,171 0,745 99,94 52,08 0,30
25H 0,18 2,325 0,594 -0,436 1,037 99,56 74,06 0,46
25F2 0,21 2,008 0,853 -0,445 1,054 98,55 59,49 0,49
26O 0,52 0,967 0,524 0,089 0,975 98,60 4,04 0,20
26R 0,20 2,308 0,404 -0,257 1,102 100,00 78,58 0,44
26T 0,20 2,267 0,384 -0,182 1,066 99,94 77,52 0,50
